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(54) Oxidation catalytic system and oxidation process 

(57) A substrate (e.g., a cycloalkane, a polycydlc 
hydrocartx)n, an aromatic compound having a methyl 
group) Is oxidized with oxygen in the presence of an oxi- 
dation catalytic system comprising an imide compound 
of the following formula (1) (e.g. N-hydroxyphthaltmide) 
arxi a co<atalyst containing a element selected from 
Group 3 to 12 elements (in particular. Group 4 to 11 ele- 
m^its) of the Perlodk; Table of Elements. The co^ata- 
lyst comprises a compound contains plural elements 
(except heteropolyacid and a combination of Group 7 
and 8 elements of the Periodic Table of Elements), and 
is useful for the formation of an oxide (e.g., a k^one. an 
alcohol, a cartsoxylic acid): 


pi II 


(1) 


in 

CO 
00 

00 
U) 

oo 
o 
Q. 


wherein and represent a substHuertt such 
as a hydrogen atom or a halogen atom, or R* and 
may together form a doutsle bond or an aromatic or non- 
aromatic 5- to 12-membered ring, X is 0 or OH, and n is 
1 10 3. 
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Description 

FIEU) OF THE INVENTION 

5 Thte invention relates to a complexed oxidation catalytic system, which is useful for oxidation of a substrate with 
oxygen, to an oxidation process using the catalytic system, and to a process for producing an oxide (a ketone, an alco- 
hol, an aldehyde or a cartxixylic add). 

BACKGROUND OF THE INVENTION 

10 

An oxidation reaction is a basic reaction In the field of industrial organic chemistry, and there are a variety of Known 
oxidation processes, in particular an oxidation process for a substrate using nitric add. By way of illustration, adipic acid 
that is a raw material for the production of nylon 66 is pr^red by a process of oxidizing cydohexanol arvl no other, or 
a mixture of cydohexanol and cydohexanone (K/A oil) with nitric acid. An aromatic compound having a cartx)xyl group 
15 (e.g., benzoic acid) has been produced by a process that comprises oxidizing an aromatic compound having a methyl 
group (e.g.. toluene) with nitric add or dichromic acid. 

Each of these processes, however, requires an expensive exhaust gas treatment plant for treatment of N2O and 
NOx produced by the oxidation with nitric add. Similarly, the case with dichronrtic add requires treatment of a chromium 
component. 

20 Potycydic hydrocart>ons each having a functional group in a bridgehead position are compounds applicable to 
many applications, and nnost of these compounds may be induced or derived from con'esponding alcohols. In particular, 
polyds each substituted with hydroxyl groups on plural, i.e., two or more bridgehead positions can be advantageously 
employed for production of progressive materials (highly functional materials). However, it is difficult to introduce 
hydroxyl groups into the bridgehead positions of such chemically stable polycyclic hydrocarbons with effectiveness and 

25 high effidency. By way of illustration, introduction of hydroxyl groups is conducted by bromination of a bridged cyclic 
hydrocarbon (e.g.. adamantane or its derivative) with the use of excess bromine (e.g., 10 times by mote or more), and 
hydrolyzing the formed bromide with silver nitrate or silver sulfate in an excess amount greater than a stoichiometric 
amount (Chem. Ber.,22. 1629(1959),^ 226, 1161 (1960): J. Org. Chem.,2fi2207 (1961)). 

In this process, however, the reaction should t>e conduded over a long period at a temperature of about 100*^0 

30 using a large quantity of bromine. Besides, the reaction consumes the expensive silv^ reagent in a large quantity. 
Moreover, successive bronrination of two or more bridgehead positions would not be expected. In addition, since an 
adamantanetriol cannot be formed directly from adamantane. it has to be produced by isolation and hydrolysis of a suc- 
cessively highly brominated compound. Accordingly, the yield of the adamantanetriol is extremely low at about 10 to 
30% [Tetrahedron Letters. IS 1841 (1967); Just. Uebigs Ann. Chem.. 212 60 (1968)]. 

35 As a process tor produdng an adamantanediol. Japanese Patent Publication No. 16621/1967 (JP-&42-16621) cfis- 
closes that an adamantanediol is obtained by reacting adamantane with five times by mole or more of chromic acid in 
a concentrated acetic add solution. However, in this technology for a treatment of chromic component is needed, and 
in addition, although an adamantanediol is formed according to the process, oxidation of adamantane to a triol or higher 
polyol will not proceed, even when the reaction is carried out in severe conditions. 

40 From the viewpoints of resource and environment, a preferable oxidation process is a catalytic oxidation in which 
molecular oxygen or air is directly used as an oxtdistng agent. In page 762 of the "Lecture Draft tr (1994) of 67th Spring 
Annual Meeting of Chemical Sodety of Japan, it is reported that oxidation of an alcohol such as benzyl alcohol or ben- 
zhydrol with air using vanadomolytxJophosphoriate and N-hydroxyphthalimide provides a ketone such as acetophe- 
none or benzophenone in a high yield. Japanese Patent Application Laid-open No. 38909/1996 (JP-A-8-38909) 

46 disdoses an oxidaizing a substrate with oxigen by using the oxidation catalyst comprised an imide conpound (e.g., N- 
hydroxyphtalimide) and a transition metal conpound. 

The catalytic systems show high activities in an oxidation of a substrate with oxygen. However, transformation rates 
or conversions or selectivities sometimes deteriorate depending on spieces of catalysts. When the catalytic activities 
are reduced and the amount of co-catalysts used is inaeased, it is difficult to continue the conduction of tiie oxidation 

50 reaction for a long time, because that tiie imide compound such as N-hydroxyphthalimide is deactivated in a short time. 

SUMMARY OF THE INVENTION 

It is. tiierefore, an object of the present invention to provide an oxidation catalytic system which is useful for 
55 enhancement of a catalytic activities and eff ident oxidation of a substrate, an oxidation process using tiiis catalytic sys- 
tem and a process for producing an oxide. 

It is another object of the invention to provide an oxidation catalytic system that could maintain high activities with 
inhibiting a deactivation of imide compound, an oxidation process using ttiis catalytic system and a process for produc- 
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10 


ing an oxide. 

A further object of the invention is to provkle an oxidation catalytic system which is useful for producing an oxide 
(e.g.. a ketone, an alcohd. an aldehyde, a cartsoxylic acid) with high transfcMrnation rates or conversions and selectivi- 
ties. an oxidation process using this catalytic system and a process for producing an oxide 

The present inventors did much investigation to accomplish the above objects, and as a result, found that a com- 
plexed catalytic system constituted with a combination of plural transition metal compounds enhances the catalytic 
activities and selectivities and reveals stabilization effects depending on the spieces of catalysts, and the use of a co- 
catalyst with specific amount for the imide compourxj inhibits the deactivation of the imide compound and maintains the 
high activities. The present invention has been accomplished based on the above findings. 

Thus, the oxidation catalytic system of the present invention comprises an imide compound shown by the following 
famula (I). 


15 


20 


(1 ) 


wherein and respectively represent a hydrogen atom, a halogen atom, an alkyi group, an aryt group, a 
cycloaikyi group, a hydroxyl group, an alkoxy group, a carboxyl group, an alkoxycarbonyl group, or an acyl group; or 
and r2 may bond together to form a double bond, or an aromatic or non-aromatic ring; X represents an oxygen atom 

25 or a hydroxyl group; n denotes an integer of 1 to 3, and a co-catalyst the co-catalyst is conrposed of the plural transition 
metal compounds. Provkied that in the case that a polyacid conprises Group 5 or 6 elements of the Periodk; Table of 
Elements, the polyacid is an isopolycid. A catalytic system comprising a combination of Group 7 and 8 elements of the 
Periodic Table Elements is excluded. 

In this oxidation catalytic system, a conpound comprising the co-catalysts is (A) a single compound containing ptu- 

30 ral elements selected from different Groups or plural compounds containing an element selected from different Groups, 
or (B) a single compound containing transition metal elements having plural different valencies selected from the same 
Group or plural compounds containing a transition metal element having different valencies selected from the same 
Group. 

A co-catalyst comprises, for example, an oxide, an organk; acki salt, an inaganic ackj salt, a halide, a complex, and 
35 an isopdyadd. Selecting the co-catalyst component and/or reducing a ratio of co-catalyst relative to an imide com- 
pound are advantageous to enhance tiie stability of the catalyst. 

A process of the present invention also conprises a process for oxkiizing a substrate by contacting tiie substrate 
with oxygen in the presence of the oxidataion catalytic system and a process for produdng corresponding a ketone, an 
alcohol, an aldehyde, or a cartx)xylic actd by contacting the sut>strate with oxygen in tiie presence of the oxidataion cat- 
40 alytic system. 

It should be understood that the term "cartxsxylk: actd" as used in this specif k:ation means and indudes not only 
conpounds each having a free carboxyl group but also derivatives of carboxylic acids being substantially equivalent to 
the cartx>xy1ic ackis. such as salts, esters or add anhydrides which form according to readkxi conditfons. A "none aro- 
matic cydic compoud" conprises a cydic hydrocartx>n (e.g.. a cycloalkane and cycfoalkene) and a heterocydic com- 

46 pound, and may conprise, lor example, a compound having a corxienced ring to a aromatic ring, all compounds having 
a methylene chain in a ring are induded. Above nonaromatic cyclk; compounds may have an aromatic substituent. 

The adamantane and its derivative may be simply called "tiie adamantane component." In the polycyclic hydrocar- 
bon, the metiiylWyne group in a bridgehead position is shown by tiie group "-HC<." and the methylklyne group in a junc- 
tion position (a fusing site) of adjacent rings may be shown by the group '•>CH-CH<." The term "the divalent transition 

50 metal compound" indudes transitkxi m^al compounds that have formed in the reaction system, as well. 


DETAILED DESCRIPTION OF THE INVENTION 


[Mde compound] 

In the compound shown by the formula (1), the halogen atom, as the substituents R'' and R^, indudes iodine, bro- 
mine, chlaine and fluorine atoms. The alkyI group indudes. for example, methyl, ethyl, propyl, rsopropyl, butyl, isobutyl. 
sec-butyl, t-butyl. pentyl, hexyl, heptyl. octyl, decyl, or other straight chain or branched chain alkyl groups each having 
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about 1 to 10 cartxHi atoms. An illustrative preferred alkyi group includes alkyi groups each having atx}ut 1 to 6 carbon 
atoms, in particular lower alkyi groups each having about 1 to 4 cart)on atoms. 

As the aryl group, there may be mentioned, for instance, a phenyl group and a naphthyl group. Examples of the 
cyctoalkyi group include cydopentyl, cyclohexyl. and cydooctyl groups. The aikoxy group includes, for exanrple. meth- 

5 oxy. ethoxy, propoxy. isopropoxy, butoxy, Isobutoxy. t-butoxy, pentyloxy, hexyloxy, and other atkoxy groups each having 
about 1 to 10 cartx>n atoms. Among them, aikoxy groups each having about 1 to 6 carbon atoms, in particular lower 
aikoxy groups each having about 1 to 4 cart>on atoms are desirable. 

Examples of the alkoxycartxjnyl group include methoxycarbonyl, ethoxycartxsnyl. propoxycarbonyl, isopropoxycar- 
bonyl, butoxycaitx)nyl, isobutoxycartx)nyi. t-butoxycartx)nyl. pentylQxycart)onyl, hexyloxycarbonyl, and other alkoxycar- 

10 bonyl groups each having about 1 to 10 cartx>n atoms in the aikoxy moiety. A prefen'ed alkoxycarbonyl group includes 
those each having about 1 to 6 cartx>n atoms In the aikoxy moiety, among which lower alkoxycartxmyl groups each hav- 
ing about 1 to 4 cartoon atoms in the aikoxy nrK)iety are typically desirable. 

The acyl group includes, for instance, fornoyl. acetyl, propbnyt, butyryl, isobutyryl, valeryl, isovaleryl. pivaloyl, and 
other acyl groups each having about 1 to 6 cartx^n atoms. 

15 The substituents and may be either the same or different from each other. In the formula (1). R** and may 
bond together to fomri a double bond, or an aromatic or non-aromatk: ring. A preferred aromatic or non-aromatic ring 
may be a ring having about 5 to 12 members, in partk;utar about 6 to 10 members. Such a ring may be a heterocyclic 
ring or a condensed heterocyclic ring, but it may practically be a hydrocarbon ring. As such a ring, there may be men- 
tioned, fa instance, non-aroowtk; alicydic rings (e.g., cyctohexane ring and other cydoalkane rings whteh may have a 

20 substituent. cyclohexene ring and other optionally substituted cyctoalkene rings), non-aromatic bridged (cross-linked) 
rings (e.g., 5-nortDornene ring and other optionally substituted bridged hydrocartwn rings), benzene ring, naphthalene 
ring and other opttonally substituted aromatic rings. The ring may practically comprise an aromatic ring. 
A preferred Imkie compound indudes conpounds shown by the following formula. 




wherein R^, R*. R^ and R® Independently represent a hydrogen atom, an alkyi group, a hydroxyl group, an aikoxy 
group, a caftx)xyl group, an alkQxycartx)nyt group, an acyl group, a nitro group, a cyano group, an amino groip or a hal- 

50 ogen atom; the bond between the nitrogen atom "N" and "X" denotes a single bond or a double bond; and R\ R^, X 
and n have the same meanings as defined above. 

In the sut>strtuents R^, R^, R^ and R^. the alkyi group indudes alkyi groups similar to those exenpltfied above, in 
particular alkyi groups each having about 1 to 6 cart)on atoms. The atkoxy group indudes the same atkoxy groups as 
mentioned above, in particular lower atkoxy groups each having about 1 to 4 carbon atonr^ Examples of the atl«oxycar- 

55 bonyl group indude the same atkDxycartx)nyl groups as exemplified above, in espedal lower alkoxycartxnyl groups 
each having about 1 to 4 cartxsn atoms in the aikoxy moi^. As the acyt group, there may be mentioned the similar acyl 
groups to those mentioned above, in particular acyl groups each having about 1 to 6 cart)on atoms. Examples of the 
halogen atom include fluorine, chlorine and bromine atoms. The substituents R^. R^. R^ and R® may practically be 
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hydrogen atoms, lower alkyt groups each having 1 to 4 carbon atonris. carboxyl groups, nitro groups or halogen atoms, 
respectively. 

The symbol X in the formula (1) denotes an oxygen atom or a hydroxyl group. A bond between the nitrogen atom 
"N" and "X" is a single bond or a double bond. Further, n usually denotes about 1 to 3 and preferably 1 or 2. The imide 

5 compound shown by the formula (1 ) can be used singly or in combination in the oxidation reaction. 

As examples of the acid anhydride corresponding to the imide compound of the formula (1). there may be men- 
tioned succinic anhydride, maleic anhydride, or other saturated or unsaturated aliphatic dicarboxylic acid anhydrides, 
tetrahydrophthalic anhydride, hexahydrophthalic anhydride (1,2-Gydohexanedicari3G0(yllc anhydride), 1.2,3,4-Gyciohex- 
anetetracarboxylic acid 1 .2-anhydride, and other saturated or unsaturated nonaromatic cydic polycarboxylic add anhy- 

10 drides (alicydic polycarboxylic anhydrides), hetic anhydride, himic anhydride, and other bridged cyclic pdycartxxylic 
anhydrides (alicydic polycarboxylic anhydrides), phthalic anhydride, tetrabromophthalic anhydride, tetrachlorophthalic 
anhydride, nitrophthalic anhydride, trimellitic anhydride, methylcyclohexenetricarboxylic anhydride, pyromeliitic anhy- 
dride, mellitic anhydride. 1,d:4.5-naphthalenetetracarbQxy!ic dianhydride. and other aromatic polycartx>xylic anhy- 
drides. 

15 Exanrtples of a prefen-ed imide connpourxJ indude N-hydroxysucdnimide. N-hydroxymaleimide, N-hydroxyhexahy- 
drophthalimide, N.N'-dihydroxycyclohexanetetracartDoximide. N-hydroxyphthalimide. N-hydroxytetrabromophthaiimide, 
N-hydroxytetrachlorophthalimide. N-hydroxyhetimide. N-hydroxyhimimide. N-hydroxytrimeilitimide. N.N'-dihydroxypy- 
romellitimide. N,N'-dihydroxynaphthalenetetracartxudmide and so forth. A typically preferable imide compound indudes 
an N-hydroxyintide conpound derived from an alicydic polycariaoxylic anhydride, in particular from an aronnatic poly- 

20 carboxylic anhydride, such as N-hydroxyphthalimide. 

The imide compound may be prepared by a conventional imidation process (a process for the fonnation of an 
imide). such as a process that comprises the steps of allowing a con^esponding add anhydride to react with hydroxy- 
lamine NH2OH for ring-opening of an add anhydride groi43. and dosing the ring to fonm an imide. 

These imide compounds are combined with the co-catalyst comprising a plurality of transition metal compounds to 

25 express high activities. The catalytic system could oxkfize efficientiy a substrate with the oxygen or air even in mild or 
moderate conditions, and improves the conversion and/or the selectivity. Specifically, the catalytic system are useful for 
conto-ding catalytic activities (e.g., elevation of activities and selectivtties and stabilities). Therefore, according to the 
present invention, the substrate is oxidized effidentiy in the presence of the oxidation catalytic system comprising the 
inwje compound and the co-catalyst to give a corresponding ketone, alcohol, aldehyde or caritxixylic acid. Accordingly. 

30 this invention provides effident oxidation of the substrate witii high selectivity in the presence of the catalytic system 
composed of the imide compound and the co-catalyst to fam a ketone, alcohol. aMehyde or carboxylk; add corre- 
sponding to the substrate. 

[Co-catalyst] 

35 

A feature of the present invention resides in that tiie co-catalyst conprises plural transition metal compounds. As 
the elements of the transrtkxi metal, tiiere may be mentioned, for instance, Group 3 elements of the Periodic Table of 
Elements (e.g.. scandium Sc, yttrium Y and lanthanum La. cerium Ce. samarium Sm and other lanthanoid elements, 
actinium Ac and other actinoid elements). Group 4 elements of the Periodic Table of Elements (e.g.. titanium T1. zirco- 

40 nium Zr. hafnium Hf). Group 5 elements (e.g.. vanadium V. niobium Nb, tantalum Ta), Group 6 elements (e.g.. chromium 
Cr, nnolybdenum Mo. tungsten W). Group 7 elements (e.g., manganese Mn. technetium Tc, rhenium Re). Group 8 ele- 
ments (e.g., iron Fe. ruthenium Ru. osmium Os). Group 9 elements (e.g., cobalt Co, rhodium Rh, iridium tr), Group 10 
elements (e.g.. nickel Ni. palladium Pd, platinum R). Group 1 1 elements (e.g.. copper Cu, silver Ag, gold Au) and Group 
12 elements of the Periodic Table of Elements (e.g., zinc Zn, cadmium Cd). 

45 A preferred transition metal element constituting the co-catalyst includes, for exanple. Groip 4 elements (e.g.. Ti, 
Zf). Group 5 elements (e.g., V), Group 6 elements (e.g.. Cr, Mo. W), Group 7 elements (e.g., Mn, Tc. Re). Group 8 ele- 
ments (e.g.. Fe, Ru), Group 9 elements (e.g., Co. Rh). Group 10 elements (e.g.. Ni) and Group 1 1 elements {e.g., Cu) 
of the Periodic Table of Elements. As a prefered compound constituting the co-catalyst a compound corrprising a ele- 
m«it selected from the group consisting from Ti. Zr, V. Cr, Mo. W, Mn, Fe. Ru, Co, Rh, Ni and Cu is enrployed. 

50 The species of the co-catalyst is not particularly limited as far as it expresses an oxidation activity and may be a 
simple substance or hydroxkie of a metal. The co-catalyst is usually a metal oxide (double oxide or oxygen acid salt), 
an organic add salt, an inorganic add salt, a halkJe. each of which contains tiie element, a coordinate compound (a 
complex), a polyacW (in partteular. an isopolyacid) or its salt, each of which contains the m^ element. 

When the co-catalyst is a polyacti containing Group 5 and/or 6 elements, the co-catalyst is a isopolyacd, a heter- 

55 opolyacid comprising Group 5 and 6 elements of the Periodic Table of Elements (vanadomoiytxJic acid which is heter- 
opolyacid of vanadium-molybden series) is exduded. Furtiier, a catalytic system comprising a con*ination of Group 7 
and 8 elements of the Periodic Table of Elements is also excluded. 

The hydroxide indudes Mn(0H)2, MnO(OH), Fe(0H)2 and Fe(0H)3. typically speaking. Examples of the metallic 
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oxide include SmaOa. T1O2. ZrOa, V2O3, V2O5, CfO. CraOa. M0O3. MnO, Mn304. MnaOa. Mn02, MnjOy. FeO. Fe203, 
Fe304, RUO2. RUO4, CoO, C0O2. C02O3, Rh02, Rh203, CU2O3. and so forth. As examples of the double oxide or oxy- 
gen acid salt, there may be mentioned MnAl204, MnTiOa, LaMnOa. K2Mn205. CaO • xMn02 (x=0.5, 1 . 2. 3, 5), manga- 
nese salts [e.g.t Na3Mn04. 6a3[Mn04]2 and other manganate&(V), K2Mn04. Na2Mn04. BaMn04. and other 
manganates(VI), KMn04. NaMn04. Ul^n04. NH4Mn04. CSMn04. Agl^n04. Ca(Mn04)2. Zn(Mn04)2. Ba(Mn04)2. 
Mg(Mn04)2. Cd(Mn04)2, and other permanganates]. 

As the organic acid salts, there may be exemplified as cobalt acetate, manganese acetate, cobalt propionate, man- 
ganese propionate, cobatt naphthenate, manganese naphthenate, cobalt stearate, manganese stearate, and other 
salts with a C2.20 ^c^d. manganese thiocyanate, and con-esponding salts of Ce, Ti. Zr, V. Cr. Mo. Fe, Ru. Ni, Pd. 
Cu and Zn. The inorganic acid salt includes, for instance, cobalt nitrate, iron nitrate, manganese nitrate, nickel nitrate, 
copper nitrate, and other nitrates, and sulfates, phosphates and carbonates each corresponding to these nitrates (e.g.. 
cobalt sulfate, iron sulfate, manganese sulfate, cobalt phosphate, iron phosphate, manganese phosphate, an iron car- 
bonate, a manganese cartxsnate, iron perchlorate). As the halides. there may be mentioned, for instance, SmCis, Sml2. 
T1CI2. ZrClg, ZrOGs. VCI3. VOQg, MnClg, MnClg, FeClg. FeCla. RuClg. CoClg, RhQa. RhCIa, NiCla. PdCl2. PtClg, CuG. 
CuCl2. and other chlorides, or fluorides, bromides or iodides each corresponding to these chlorides (e.g.. MnF2. MnBr2, 
MnFa, FeFg, FeFa. FeBrg. FeBra, Felg. CuBr, CuBr^, and other halides, M^MnQa. M\MnCU, M^2MnCl5, M^2MnCl6, 
wherein represents a nnonovalent metal, and other complex halides. 

The ligand of the complex includes, for example. OH (hydroxo). methoxy, ethoxy. propoxy, butoxy and other alkoxy 
groups, acetyl, propionyl and other acyl groups, methoxycartwnyl (acetate), ethoxycartaonyl and other alkoxycarbonyi 
groups, acetytacetonato. cydopentadienyl group, chlorine, bromine and other halogen atonr«, CO, CN. oxygen atom, 
H2O (aquo), phosphine (e.g., triphenylphosphine and other triarylphosphine) and other phosphorus compounds, NH3 
(ammine), NO, N02 (nitro). NO3 (nrtrato), ethylenediamine, di-elhylenetriamine, pyridine, phenanthroline and other 
nitrogen-containing compounds. In the conrplexes or complex salts, the same or different ligands may be coordinated 
singly or in combination. 

The ligand is practically, for example. OH, an alkoxy group, an acyl group, an alkDxycartxxiyl group, acetylaceto- 
nato. a halogen atom. CO. CN. H2O (aquo). triphenylphosphine or other phosphorus compounds, or a nitrogen-contain- 
ing compound inclusive of NH3, NO2 and NO3. 

The transition metal element and the ligand may optk>nally be employed in combinatkxi to form a complex. Such a 
complex includes, for instance, acetylacetonato cornplexes [e.g.. acetytacetonato complex of Ce. Sm, Ti. Zr, V, Cr. Mo. 
Mn, Fe, Ru. Co, Ni. Cu or Zn, titanylacetylacetonato complex TiO(AA)2. zirconylacetylacetonato complex ZrO(AA)2. 
vanadylacetylacetonato oonplex V0(AA)2J, cyano complexes [ag.. hexacyanomanganate(l), hexacyancferrate(ll)I. 
carbonyl complexes or cydopentadienyl complexes [e.g., tricarbonyteyctopenladienylmanganese(l), biscydopentadi- 
enylmanganese(ll). blscydopentadienyliron(ll). Fe(C0)5, fe^COh. f^{CO)^^. nitrosyl compounds [eg.. Fe(N0)4. 
Fe(C0)2(N0)2]. thiocyanato complexes [e.g., thiocyanatocobalt. thiocyanatomanganese, thkwyanatoiron], or acetyl 
complexes (e.g. cobalt acetate, manganese acetate, iron acetate, copper acetate, zirconyl acetate ZrO(0Ac)2. titanyl 
acetate TiO(OAc)2. vanadyl acetate V0(0Ac)2l 

The polyacid is polyacid (isopolyadd and heteropolyadd) excepting for heteropolyacid comprising Qroup 5 and 6 
elements of the Periodic Table of Elements, such as V (vanadw acid). Mo (molybdic add) or W (tungstic acid), typically 
speaking. There is no partksular limit as to the central atom, and it may be any of, for instance. Cu, Be. B. Ai, Si. Ge, Sn, 
Ti. Th, N, P, As. Sb. V. Nb. Ta. Cr. Mo. W. 8, Se. Te. Mn, I, Fe. Ca Ni. Rh, Os, Ir. Pt. or Cu. As illustrative examples of 
the polyadd, there may be mentioned isopolyacid (e.g., vanadic acid, molybdk; add, tungstic acid), heteropolyadd 
(e.g.. cobattmdybdate, cobatttungstate, molytxienumtungstate, manganesemolybdate. manganesetungstate, manga- 
nesemolytxjenumtungstate. manganesevanadiummotybdate, and manganesevanadomdybdophosphate). As above 
discribed, in the co-catalyst of the oxidation catalytte system of the present invention, a prefen'ed polyacid is an isopol- 
yadd. 

A co-catalyst comprises (A) a single connpound comprising plural elements selected from different Groups or plural 
compounds comprising a element selected from cfifferent Groups, or (B) a single compound comprising transition m^ 
elements having plural different valendes selected from the same Group or plural compounds comprising a transition 
metal element having different valencies selected from the same Qroup. The co-catalysts of (A) and (B) may be 
emptoyed in combination. Practically, (A) and (B) may be together cosntituted with plural compounds, and are consti- 
tuted in suitable combination of elements of Group 3 to 12 of the Priodic Table of Elements or compounds thereof. 

(A) A co-catalyst cmprising plural elenrients selected from different Groups 

In the case that the co-catalyst comprises plural elements selected from different Groups, the combination of pref- 
ered plural elements or compounds are, for instance, as follows. 

(a) a combination of Group 3 elements (e.g.. Ce, Sm) of the Priodk; Table of Elements or compounds thereof and 
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at least one element or compound thereof selected from Group 4 elements (e.g.. Ti. Zr), Group 5 elements (e.g., 
V). Group 6 elements (e.g., Cr, Mo). Group 7 elements (e.g., Mn), Group 8 elements (e.g., Fe, Ru). Group 9 ele- 
ments (e.g., Co), Group 10 elements (e.g.. Nl), Group 1 1 elements (e.g., Cu). and Group 12 elements (e.g., 2n) of 
the Priodic Table of Elements 

5 (b) a connblnatlon of Group 4 elements of the PIriodic Table of Elements or compounds thereof and at least one ele- 
ment or compound thereof selected from Group 5 elements, Group 6 elements. Group 7 elements , Group 8 ele- 
ments, Group 9 elements. Group 10 elements, Group 1 1 elements, and Group 12 elements of the Priodic Table of 
Elements 

(c) a combination of Group 5 elements of the PIriodic Table of Elements or compounds thereof and at least one ele- 
10 ment or conpound thereof selected from Group 6 elements. Group 7 elements, Group 8 elements. Group 9 ele- 
ments, Group 10 elements. Group 1 1 elennents. and Group 12 elements of the Priodic Table of Elements 

(d) a combination of Group 6 elements of the PIriodic Table of Elements or compounds thereof and at least one ele- 
ment or compound thereof selected from Group 7 elements, Group 8 elements, Group 9 elements, Group 10 ele- 
ments, Group 1 1 elements, and Group 12 elements of the Priodic Table of Elements 

15 (e) a combination of Group 7 elements of the Piriodic Table of Elements or compounds thereof and at least one ele- 
ment or compound thereof selected from Group 9 elements. Group 10 elements. Group 1 1 elements, and Group 
12 elements of the Priodic Table of Elements 

(f) a combination of Group 8 elements of the Piriodic Table of Elements or confounds thereof and at least one ele- 
ment or conpound thereof selected from Group 9 elements, Group 10 elements, Groip 1 1 elements, and Group 

20 1 2 elements of the Priodic Table of Elements 

(g) a combination of Group 9 elements of the Piriodic Table of Elements or compounds thereof and at least one ele- 
ment or compound thereof selected from Grouf) 10 elements. Group 1 1 elements, and Group 12 elements of the 
Priodic Table of Elenrtents 

(h) a combination of Group 10 elements of the Piriodic Table of Elements or conpounds thereof and at least one 
25 element or connpound thereof selected from Group 1 1 elements, and Group 1 2 elements of the Priodic Table of Ele- 
ments 

0) a cofftoination of Group 1 1 elements of the Piriodic Table of Elements or compounds thereof and at least one 
element of Group 12 elements of the Priodic Table of Elements or compound thereof 

30 Prefered combination of elements or compounds includes the con^inations (b) to (h), particularly the combinations 
(c)to(g). 

More prefered conft)ination of elements or compounds is as follows. 

(c1 ) a combination of Group 5 elements (e.g.. V) of the Priodic Table of Elements or compounds thereof and at least 
35 one element selected from Group 6 elements, Group 7 elements, Group 8 elements, Group 9 elements, Group 10 

elements, and Group 1 1 elements of the Priodic Table of Elements or compounds thereof 

(el) a combination of Group 7 elements (e.g., Mn) of the Priodic Table of Elements or compounds thereof and at 

least one element selected from Group 9 elements. Group 10 elements, and Group 11 elements of the Priodic 

Table of Elements or compounds thereof 
40 (fl) a combination of Group 8 elements (e.g., Fe) of the Priodic Table of Elements or compounds thereof and at 

least one element selected from Group 9 elements, Groip 10 elements, and Group 11 elements of the Priodic 

Table of Elements or compounds thereof 

(g1) a combination of Group 9 elements (e.g.. Co) of the Priodic Table of Elements or conpounds thereof and at 
least one element selected from Group 10 elements and Group 1 1 elements of the Priodic Table of Elements or 
46 conrpounds thereof 

Further the co-catalyst may conrprise Group 1 elements (e.g.. potassium, sodium, lithium). Group 2 elements (e.g., 
Magnesium, C^arsium. Strontium, Barium). Group 13 elements (e.g.. Boron B. Alminium Al) of the Priodic Table of Ele- 
ments. A co-catalyst for instance, may conrprise a conpound containing Group 2 elements of the Priodic Table of Ele- 

50 m&its. or may comprise a boron compound. As the boron compound, there may be mentioned, for exanpte, a t)oron 
hydride (e.g., borane. diborane, tetraborane. pentaborane. decaborane), a boric acid (e.g.. orthoboric add. metaboric 
add, tetraboric acid}, a borate (e.g.. a nickel borate, magnesium borate, manganese borate). B2O3, and other boron 
oxides, borazane, borazene, borazine. boron amide, boron imide. and other nitrogen-containing boron conpounds, 
BF3, BCI3. tetrafluoroborate. and other halides. esters of boric add (e.g.. methyl borate, phenyl borate) and so on. A 

55 prefen-ed boron conpound indudes boron hydrides, orthoboric add. and other boric adds or salts thereof, among 
which a boric acid can prefer^y be employed. 

Depending on the spedes of the elements constituting the co-catalyst any of the following characteristic functions, 
for exanple. can be exhibited. 
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1. In the constrtutive transition metal conrpound of the co-catalyst, the valency of the element is not particularly 
restricted, and it may be about from two to six valencies. Use of a divalent transition metal compound (e.g.. Group 
8 elements of the Priodic Table of Elements such as a divalent cobalt compound. Group 7 elements of the Priodic 
Table of Elements such as a divalent manganese compound] as the co-catalyst enhances oxidation activity. By way 

5 of illustration, a catalytic system using a divalent transition metal compound as a co-catalyst in lieu of a trivalent 
transition metal conrpound induces an oxidized product in a short time with high selectivity and yield. Further, when 
the divalent transition metal compound is used as the co-catalyst, the substrate (e.g.. an aromatic compound sub- 
stituted with a methyl group) can be oxidized quantitatively to form a corresponding oxide (e.g.. a cartxsxylic add) 
even at a low temperature (e.g.. 10 to SO^'C). in particular at room temperature (about 15 to 30*'C). 

10 2. Use of a compound containing at least one element selected from Group 4 elements (e.g.. Tt, Zr), Group 6 ele- 
ments (e.g.. Cr, Mo) and Group 7 elements (e.g., Mn) of the Periodic Table of Elements as the co-catalyst compo- 
nent inhibits inactivation (deactivation) of the imide conpound and stabilizes the catalitic system even in severe 
reaction conditions. 

3. The use of a compound containing the Group 4 element (e.g., Ti, Zr). Group 5 element (e.g.. V). Group 6 element 
15 (e.g., Cr, Mo), Group 7 element (eg., Mn) Group 8 element {e.g., Fe), and Group 9 element (e.g.. Co) of the Peri- 
odic Table of Elements as the co-catalyst component results in remarkable enhancement of the oxidizing activity 
and provides effective oxidation of the substrate. By way of an exanple, a catalytic system comprising, as the co- 
catalyst component, a compound containing the Group 5 element (e.g.. V). Group 7 element (e.g., Mn) or Group 9 
element (6.g.. Co) of the Periodic Table of Elements has high activities. In particular, when a conrpound containing 

20 the Group 5 element (e.g., V) is used as the co-catalyst component, plural positions or sites of the substrate [e.g.. 
a bridgehead position or junction position of the polycydic hydrocarbon (e.g.. adamantane)] can be effidently oxi- 
dized to give a product having plural hydroxyl groups (e.g., an adamantanepolyol). 

4. The use of the co-catalyst containing the Group 1 1 element of the Periodic Table of Elements (e.g., Cu) as the 
oxidation catalytic system insures great inrprovement of the selectivity in the oxidation reaction, and inhibits deac- 

25 tivation of the imide conpound. Therefore, this use is advantageous for commerdal production. 

5. A use of the oo-catalyst containing Group 9 elements and Group 5 or 6 elements of the Priodic Table of Elements 
inhibits generation of a dicartx)xylic add and provides a ketone or an alcohol in high selectivities. In this case, a 
combination use of trivalent elements and di or pentavalent elements has great effect. 

30 (B) a co-catalyst conprising plural elements having different valendes selected from the same group 

In the case that a co-catalyst conprises plural elements having different valencies selected from the same group, 
the plural elements may be whichever the same or different element as far as the elements belong to the same group 
and has different valendes. Prefered elements are Group 4 to 1 1 , particularly Group 9 elements of the Prkxjic Table of 

35 Elements (e.g., Co, Rh). A combination of the elements conprising a co-catalyst may be a suitatsle combination 
selected from monovalent to hexavalent elements of the Priodic Table of Elements, the combination selected from diva- 
lent to tetravalent elements of the Prkxiic Table of Elements (e.g., a combination of divalent and trivalent elements of 
the Priodic Table of Elements) is preferably. The use of the present co-catalyst not only enhances the ability of oxidation 
but also inhibits the generation of dicartxsxylic add and provides a ketone or an alcohol efficiently in the case of using 

40 non-aromatic cyclic compounds such as a cycloalkane as a substrate. 

In said co-catalyst conprising plural elements or conpounds, the ratio of each elements or compounds is not 
strictly restricted, and can be seleted from the wide range such as the range of about 0.1 to 99.9 mde %. preferably 
about 1 to 99 nnole %. in paticular about 5 to 95 mole % for whole co-catalysts (100 mole %). By way of illustration, in 
the case that the co-catalyst is constituted from the main first oo-catalyst and the other co-catalyst, the ratio of the other 

46 co-catalyst relative to one mole of the main first co-catalyst is, for instance, about 0.01 to 5 nnole (e.g.. 0.01 to 2.5 mole), 
preferably about 0.02 to 1 mole, more preferably about 0.03 to 0.8 mole, respectiv^y. 

The oxidation catalyst rmy be whichever of a homogeneous system or a heterogeneous system. The oxidation cat- 
alyst system may be a solid catalyst comprising a catalytic component supported on a support or carrier, as well. As 
the support, use can be pradicalty made of activated cartxxi, zeolite, silica, silica-alumina. t>entonite. or other porous 

50 supports. In the solid catalyst, a supporting amount of the catalytic component may be such that a relative ratio of the 
imide compound of the formula (1) to 100 parts by weight of the support is about 0.1 to 50 parts by weight, preferably 
about 0.5 to 30 parts by weight and more preferably about 1 to 20 parts by weight A ratio of the co-catalyst supported 
on the support is about 0. 1 to 30 parts by weight, preferably about 0.5 to 25 parts by weight, and more preferably about 
1 to 20 parts by weight, relative to 100 parts by weight of the support. 

55 A relative ratio of the co-catalyst to the imide compound of the formula (1 ) may be selected from a range not inter- 
fering with the reaction rate and selectivity, and is, for exanple. about 0.001 to 10 moles, preferably about 0.005 to 5 
moles, and more preferably atwut 0.01 to 3 moles relative to one mole of the imide corrpound. The co-catalyst may 
practically be employed in an amount of 0.01 to 5 moles (in particular 0.001 to 1 mole) relative to one mde of the imide 
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compound. 

Incidentally, the activity of the imide compound may sometimes deteriorate and can not sometimes nr^ntains the 
high oxidation activities for long time with increasing the proportion of the co-catalyst. Therefore, for retaining the high 
activities of the oxidation catalytic system, a favorable ratio of the whole co-catalyst, relative to one mole of the imide 
compound, is not less than an effective amount and not greater than 1 0 mote % (e.g. , about 0. 1 to 1 0 mole %. preferably 
about 0.5 to 8 mole and more preferably about 1 to 7 mole %). The favorable oxdation catalytic systems may com- 
prise usually the imide conpound and the co-catalyst of about 1 to 8 mole% relative to the imide compound. 

A proportion of the imide compound of the formula (1) in the oxidation reaction (i.e.. In the production of a ketone, 
an alcohol, an aldehyde or an alcohol) is selected from a broad range of at>out 0.001 to 1 mole (0.01 to 100 mole %), 
preferably about 0.001 to 0.5 mole (0.1 to 50 mole %), nfx>re preferably about 0.01 to 0.30 mole and practically about 
0.01 to 0.25 mole, on 1 mole of the substrate, typically speaking. 

A proportk)n of the co-catalyst (a co-oxidizing agent) used in such a reactk)n, depending on ttie amount of the imide 
compound, can be liberally selected from a range not interfering witii tiie activity and selectivity, and is, for example, 
about 0.0001 mole (0.1 mole %) to 0.7 nx>le (70 mole %), preferably about 0.0001 to 0.5 mole, and more preferably 
about 0.001 to 0.3 mole relative to one mole of the substrate. TTie co-catalyst is practically used in a ratio of 0.0005 to 
0.1 mole (e.g.. about 0.005 to 0.1 mole) per one mole of the substrate. 

[Substrate] 

The use of the oxidation catalyst conprising the imide compound and tiie co-catalyst comprising plural elements 
selected from different groups [herein after refers to oxidation catalytic system (A)], or tiie imide conpound and tiie co- 
catalyst comprising a element having plural different valencies selected from the same group [herein after refers to oxi- 
dation catalytic system (B)] insures effective oxkiation of various substrates witii high conversion and selectivity, and 
provkles ketones, alcohols, aldehydes or cartx>xytic acids each corresponding to tiie substi'ates. Incidentally, in the 
case of empk)ying a non-aromatic cyclic compound as a sut>strate. the use of oxidation catalytic system (B) inhflsits the 
generation of dicartx)xylic add etc. and provKles selectively a compound in which a hydroxyl group or an oxo group is 
introduced at a methylene group. 

A species of tiie substrate is not strictiy limited, and saturated or unsaturated compounds in broad range can be 
employed. The substrate includes, for example. hydrocartx)ns (aliphatic hydrocartx>ns. alk:yciic hydrocartxins, aromatic 
hydrocartX)ns). heterocyclic compounds, alcohols, ethers, esters, ketones, aMehydes and amines. 

These substrates may have, according to the species of the substrate, any of various substituents. Examples of 
such substituents include halogen atoms (kxline. bromine, chlorine and fluorine atoms), alkyi groups (e.g., methyl, 
ethyl, propyl, isopropyl. butyl, isobutyl, sec-butyl, t-butyl, hexyl and other straight chain or branched chain alkyI groups 
each having about 1 to 6 cartx)n atoms, in particular lower alkyI groups each fiaving about 1 to 4 carbon atoms), an oxo 
group, a hydroxyl group, alkoxy groups (e.g., metiioxy, ethoxy, propoxy, isopropoxy. butoxy, isobutoxy, t-butoxy, hexyloxy 
and otiier alkoxy groups each having atxxjt 1 to 6 cartxyi atoms, in particular lower alkoxy groups each having atx>ut 1 
to 4 cartx^n atoms), hydroxyalkyi groups (e.g.. hydroxymethyt. 2-hydroxyetiiyl and other hydroxy-Ci.4 alkyI groups), a 
cartx>xy1 group, atkoxycarbonyl groups (e.g., methoxycartx>nyl, ethQxycartx>nyl, propoxycart>onyl. isopropoxycart)onyl, 
butoxycarbonyt. isobutoxycartx)nyl, t-butoxycart>onyl. hexyloxycart)onyt and other alkoxycarbonyl groups each having 
about 1 to 6 cart)on atoms in the alkoxy nK)iety, in particular lower alkoxycarbonyl groups each having about 1 to 4 car- 
bon atoms in the alkoxy moiety), acyl groups (e.g., fornrryl, acetyl, propionyl. butyryl, isobutyryl. valeryl, isovaleryl. pival- 
oyl. and other acyl groups each having about 1 to 6 cart)on atoms), an amino group, a substituted amino group, a cyano 
group, a nitro group and the like. 

As prefen^ed substrates, there may be mentioned the following compounds that are useful for commercial applica- 
tions. 

(a) Cycloalkane 

The cyctoalkane includes, for instance, compounds each having a cyctoalkane ring of 3 to 30 members, such as 
cyclopropane, cydobutane, cydopentane. cyclohexane, cydoheptane. cyclooctane. cyclononane, cydodecane. 
cycloundecane. cydododecane. cyclotridecane. cyckst^adecane, cydopentadecane. cyclohexadecane, cyclooctade- 
cane. cydononadecane. cycloicosane, cyclodocosane, cydotetracosane. or cyclotriacontane. 

As the cyctoalkanes having a substituent. there may be mentioned, for example, cycloalkanes each having a 
hydroxyl group (e.g., cyclohexand. cyclooctarK)!. cyclodecanol, cydoundecar^ol, cydododecanol. cydotetradecand, 
cyctoicosanol). cycloalkanes each having an oxo group (e.g., cyclopentanone. cyck>hexanone, methylcydohexanone. 
dimetiiytcyclohexanone, cydohexadione. cyckspentanone, cyclooctanone. cydooctadkxie. cydononanone. 
cyclodecanone, cycloundecanone. cydododecanone. cydotetradecanone. cyckx)ctadecanone. cycbicosanone). 
cycloalkanes each having an alkyI group (e.g.. methylcydohexane. 1 ,2-dimethylcydohexane, isopropylcydohexane. 
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methytcyclooctane) and so on. 

A preferred cycloalkane includes compounds each having a ring of about 5 to 30 mennbers, in particular a ring of 
about 6 to 25 members, among which compounds each having a ring of about 6 to 20 members (e.g.. a 6- to 16-mem- 
bered ring) are desiraNe. typically speaking. 

Further, accading to the process of the present invention, effective oxidation can be achieved for compounds each 
having a ring of 8 mennbers or more (e.g., a ring of about 8 to 30 members), preferably a ring of about 8 to 25 members, 
in particular, a ring of about 8 to 20 members (e.g., a ring of 8 to 16 members) which are commercially useful. 

Oxidation of such a cydoalKane with oxygen in the presence of the oxidation catalytic system (A) mainly provides 
a coresponding dicarboxylic acid or cycloalKanone with a high conversion and selectivity even in air or oxygen atmos- 
phere at ambient pressure (atmospheric pressure), and the presence of the oxidation catalytic system (B) provides a 
cycloalKanone or a cycloalkanol. selectively with Inhbiting the generation of a dicarboxylic acid. By way of illustration, 
when cydohexane is oxidized, adipic acid can efficiently be formed with high transformation rate and excellent selectiv- 
itiy by using the oxidation catalytic system (A), and cyclohexanone or cydohexanol can be formed with high transforma- 
tion rate and excellent selectivity by using the oxdation catalytic system (B). Incidentally, in the case that the co-catalyst 
contains di- or trivalent Group 9 elements of the Priodic Table of Elements and tri-, tetra- a pentavalent Group 5 or 6 
elements of the Piriodic Table of Elements together, the oxidation of a cycloalkane produces a cycloaikanone or a cyclo- 
alkanol even in the presence of the oxidation catalytic system (A). 

In the oxdation catalytic system (A), even a macrocydic cycloalkane having 8 mennbers or more, in particular 9 
members or more (e.g.. a 10- to 30-membered cycloalkane) can be oxidized efficiently to give a ketone (in particular, a 
monoketone) or a dicartxixylic acid in a high yield. Therefore, this process is remarkably useful lor the production of a 
long-chain dcartxsxytic add having 8 or more carbon atoms, wNch is used as a raw material for polyester, polyamide 
or a plasticizer, or for the production of a monoketone compound that is a precursor of the long-chain dicart)0xyf ic add. 

When the cycloalkane is used as the substrate, a practically effective co-catalyst comprising the oxidatkyi catalytk: 
system (A) is a binary system co-catalyst containing at least a Groip 7 element (e.g., Mn) and a Group 9 elenrent (e.g., 
Co) of the Periodic Table of Elements, even a polynary sytem catalyst containg a Group 8 element (e.g., Fe) or a Group 
1 1 element (e.g.. Cu) in addition to the elements shows high activities. 

(b) Cydoalkene 

Examples of the cydoalkene include compounds each having a cyck>alkene ring having 3 to 30 members, such as 
a cyclic olefin (e.g.. cydopropwie. cydobutene, cydopentene. cyctohexene, 1-methyl-1-cyctohexene, feophorone. 
cydoheptene, cydooctene, cyclononene, cyctodecene, cyclodecaene, cyckxkxlecaene), a cycloalkadiene (e.g., 
cydopentadiene. 1.3-cyclohexadiene, 1 ,4-cyctohexadiene and other cydohexadienes. 1 ,3-cycloheptadiene and other 
cydoheptadienes. 1.5-cyclooctadtene and other cydooctadienes. cydodecadiene. cyclododecadiene). a cydoalk- 
atriene (e.g., cydooctatriene), a cydoalkatetraene (e.g., cycloodatetraene), and so forth. A preferred cydoalkene 
indudes compounds each having a 3- to SO-membered ring (e.g., a 3- to 20-membered ring), preferably a 3- to 18- 
membered ring, and specifically a 3- to 12-membered ring (e.g., a 5- to 10-membered ring). 

As illustrative cycloalkenes having a substituent, there may be mentioned a cydoalkene having a C1.4 alkyi group, 
a hydroxyl group, a hydroxyalkyi group, or a cartxsxyl group (e.g.. cyclohexenecart)oxylic add. cydohexenedicartx>xylk: 
acid. cyclohexadienecart9Qxylk:acid. cydohexadienedicariDoxylic add. cydogeranicadd, cydogeraniol. cydodtral, cyc- 
logeraniolene). and a cycloalkenone having an 0x0 group (e.g.. cydohexenone, cycloodenone). 

The oxdation of a cyctoalkene with oxygen by using the oxdation catalytic system (A) or (B) provides a correspond- 
ing GKide of the cycksaikene (e.g., a ketone, an akx>hol. an akJehyde or a carboxylic add), in particular, a cydoalkenone 
or a cydoalkend with high selectivity. 

(c) Polycyclic hydrocartx>n having a methylidyne group as a constitutive element of the ring 

The polycyclic hydrocartx}n includes bridged cyclk; hydrocarbons (e.g., cross-linked hydrocartx)ns. terpenes) and 
condensed polycydfc hydrocartwns each having at least one methylidyne group {i.e., methine cartxxi-hydrogen bond - 
CH<). The ring having the methylidyne group is usually a non-aromatk; ring, and it may be a bridged ring or a con- 
densed ring each having an unsaturated double bond. A condensed polycydw hydrocariaon that has been ortho-con- 
densed or ortho and peri-condensed may have an aromatic ring condensed thereto as far as having a non-aromatic ring 
containing a methylidyne group. In such a polycydic hydrocarbon, two or more methylidyne groups are practically 
present in the brkjgehead positk)ns and/or junctk>n positions (fusing sites). 

Some bridged cyclic hydrocartDons may form condensed pdycydic hydrocarbons in which adjacent rings bond 
each other in or at two common methylidyne groufss. In such a compound, it is possible to oxidize at least one methyl- 
idyne grot^ in the bridgeheed position and junctkxi positkxi and introduce a hydroxyl group into a tertiary cartxxi atom. 
A position of the hydroxyl group to be introduced nr^y be selected according to the spedes of the substrate. The oxo 
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group may practically be introduced into an adjacent position (a secondary carbon atom) to the bridgehead position or 
junction position. 

As the cross-linked cyclic hydrocarbon among the bridged cyclic hydrocarbons, there may be mentioned, for exam- 
ple, bicyclic hydrocarbons (e.g.. thujane, carane, pinane. t)ornane (camphane), bornylene, norbornene, norbornane, 
bicyclop.2.lIoctane. bicydo[4.3.2]undecane), tricyclic hydrocartjons (e.g., tricycio[4.3.1.l2'^undecane, homobren- 
dane (i.e.. tricydo[5.2. 1 .0^'^decane), adamantane, exotricyclo[5.2.1 .0^'®]decane, endotricyclo[5.2. 1 .0^'^Jdecane. tricy- 
cio[4.3.l.l^'^undecane, endotricycio(5.2.2.0^'®]undecane). tetracyclic hydrocart>ons (e.g., 
tetracyclo[4.4.0.1^ ^1'^'^^dodecane), and cficydohexadiene, dcyclopentadiene and other dimers of dienes, hydrogen- 
ated products of these dimers (e.g., dicydohexane, dicydohexene. dicyclopentane. dicyclopentene) and their deriva- 
tives. 

As the cross-linked cydic hydrocarbons, use may be practicalty made of bicydic through tetracyclk; hydrocarbons 
each having about 7 to 1 6 constitutive cartx)n atonrts of the rings (in particular, about 6 to 14 constitutive cartx)n atoms 
of the rings}, indusive of compounds each having cartx)n-hydrogen bor^ in 2 or more bridgehead positions or junction 
sites. Among them, pinane. bornane. bomylene. nortxvnene. nortxxnane and other bicyclic hydrocarbons, tricy- 
do[4.3.1.1^*^undecane, honr)obrerxlane, adamantane and other tricyclic hydrocarbons may advantageously be 
employed. The cross-linked cyclic hydrocart)on in which a hydroxyl group can be introduced into a tertiary cartx>n atom 
in or at a bridgehead position includes, for instance, nortxxnene, tricyclo[4.3.1.1^'^undecane, honrKSbrendane, ada- 
octane and derivatives of these compounds. 

Examples of the cross-linked cydic hydrocartX)n, in which a hydroxyl group can be introduced into a tertiary cart)on 
atom in or at a junction site, indude exotricyclo[5.2.1.0^'^}ddcane. endotricydo[5.2.1.0^'^decane, tricy- 
do[4.3.1.1^'^undecane, endotricydo[5.2.2.0^'®]undecane. tetracyclo(4.4.0.1^'®.l^'^°]dodecane. arxJthe like. 

As the terpenes. there may be mentioned, for instance, monocyclic monoterpenes (e g., limonene. terpinolene. ter- 
pinene. phellandrene, menthene). bicydic morK)terpenes (e.g., carone. pinene. pinane, cannpha, camphene. bornene. 
throne, phencone). monocyclic sesquiterpenes (e.g., btsabolene. zingberene). bicydic sesquiterpenes (e.g.. 
cadinene, santalene, sellnene, santonin, caryophyllene). trkryclic sesquiterpenes (e.g., oopaene. santatene. longrfo- 
lene), diterpenes (e.g.. vitamin A), triterpenes (e.g.. ambrein. amyrin, lupeol). tetraterpenes (e.g.. carotene, lutein and 
other carotenoids), polyterpenes and derivatives of these compour>ds. 

The condensed polycydic hydrocart3on includes various compounds formed by hydrogenation of condensed poly- 
cyclk; aromatk; hydrocartx>ns each condensed with a 5- to S-membered ring. typk»lly speaking. Such a compound 
includes, ibr instance, decalin. perhydroacenaphthyiene, perhydroanthracene, perhydrophenanthrene, perhydrophen- 
alene, hexahydroindane and so on. In the condensed polycydic hydrocartx)n, a five- or six-membered ring may practi- 
cally be condensed, and the methyiidyne group in or at a junction site may usually be oxidized. 

As examples of the derivative of the cross-linked cydic hydrocart)on among the polycydk: hydrocart)ons each hav- 
ing a substituent there may be mentioned a derivative having a halogen atom (e.g.. 2-chloronorbomane, 1-chk>roada- 
mantane, 1 .3-dichloroadamantane). a derivative having an alkyi group (e.g.. 2,2-dimethylnortx)mane, 2.7.7-trim6thyl-2- 
norbornene, 1-methyladamantane, 1-ethyladamantane. 1-n-propyladamantane. 1-isopropyladamantane, 1-n-butylada- 
mantane, 1-s-butyladamantane. l-t-txjtyladamantane. l-pentyladamantane. 1 -hexyladamantane. 1 -cydohexylada- 
mantane, 1 ,3-dimethyladamantane, 1 -methyl -3-6thytadamantan6. 1 ,3-dk:yclohexyladamantane. 1,3,5- 
trimethyladamantane. 1-ethyl-3,5-dimethyladamamane. hemtadamantane. and other compounds each having an alkyi 
group containing about 1 to 6 cartx)n atoms), a derivative having a hydroxyl group (e.g.. camphenilol, borneot, isobor- 
neol. 1 -adamantanol. 1.3-adamantanediol, 1,3.5-adamantanetriol, 1-methyl-3-adamantanol, 1-methyl-3,5-adaman- 
tanediol. 1 -ethyl-S-adamantanol. 1 -6thyl-3.5-adamantanediol, 1 ,3-dimethyl-S-ddamantanol, 1 -methyl-3-ethyl-5- 
adamantanol. 1-propy1-3-adamantarK3l, 1-propyl-3,Sadamantanediol). a derivative having an alhoxy grotp (e g.. 1- 
methoxyadamantane. 1.3-dimethQxyadamantane. 1-ethoxyadamantane. 1,3-diethoxyadamantane). a derivative having 
an 0X0 groip (e.g.. camphorquinone, camphenitone. 2-adamantanone, methyladamantanone. dimethytadaman- 
tanone). a derivative having an acyl group (e.g.. formylnortx)rnene. formyladan^tane), a derivative having a carkxixyl 
group (e.g.. camphanic add. canphenylic add), a derivative having an alkytoxycartxsnyl group (e.g.. methoxycariDonyl- 
camphane. ethoxycartxxiylcamphenyl), a derivative having an amino Qroup (e.g., bornylamine). a derivative having a 
vinyl group (e.g., viny1nortX}rnene), and so forth. 

As the cydic terpene derivatives, there may be mentioned, for example, cydic terpene alcohols (e.g., menthd. car- 
bomenthol, terpineol. terpineol. carveol], cyclic terpene akJehydes (e.g., menthone, cartx)menthone. phellandral, pertl- 
laldehyde), cydk; terpene ketones (eg., ionone, irone, menthone, cart)omenthone, thujone), cydic terpene oxkJes (e.g.. 
dneol, pinol, ascartdoQ. cyclk; terpene cartx>xylic acids (e.g., camphenic add, camphoric add. abietic acid, neoabietic 
add, levopimaric add. dextropimaric ackj). and so on. 

The derivatives of tiie condensed polycydic hydrocari3on indudes a derivative having an aikyi group (e.g., methyl- 
decalin. ethyldecalin, n-propykJecalin. isopropyldecalin, n-butyldecalin, s-butyklecalin, t-butyldecalin. cydohexyldecalin. 
dimetiiyklecalin. methylettiyidecatin, trimethyldecalin. ethyldimethyldecalin, tetramethyldecalin. and hexahydroindanes 
corresponding to these compounds), a derivative having a hydroxyl group (e.g.. decatol), a derivative having an oxo 
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group (e.g.. decalone). a derivative having a cartx)xylic add (e.g.. decalincarboxylic acid), arxi a derivative having an 
amino group (e.g., decalylamine). typically speaking. 

The use of the oxidation catalytic system (A) or (B) insures efficient oxidation, with oxygen, of the polycyclic hydro- 
cartoon containing a methylidyne group as a constitutive unit of the ring, and provides an oxide (a ketone, an alcohol. 

5 an aldehyde, a cart>oxylic acid] of the pdycydic hydrocarbon, in particular a ketone or an alcohol thereof with high 
selectivity. Specifically, the process of the present invention, in which the polycydic hydrocartwn (e.g.. a polycyclk; 
hydrocarbon having 2 to 4 rings containing methylidyne groups in a plurality of bridgehead positbns or junction sites) 
is allowed to contact oxygen, provides a hydroxyl group-containing polycyclic hydrocartx)n having a hydroxyl group 
being introduced into the bridgehead position or junction site with high selectivity and an excellent yield. 

JO To be specific, the use of (1) a catalytic system which enrtploys the divalent transition metal compound as a co-cat- 
alyst or (2) a catalytic system which employs the compound containing an element selected from Group 4 elements 
(e.g., Ti, Zr). Group 5 elements (e.g., V), Group 6 elements (e.g., Cr, Mo). Qroup 7 elements (e.g., Mn) or Group 9 ele- 
ments (e.g., Co) of the Periodic Table of Elements insures inrtprovement of the conversion of the polycydic hydrocarbon, 
and it provides a hydroxyl group-containing polycydk; hydrocart)on with high selectivity and an enhanced yield. 

15 When the adamantane conponent is used as the substrate, an adamantanepolyol may be formed by introdudng 
hydroxyl groups into plural bridgehead positions of adamantane directly or indirectly, according to the process of the 
invention. Such an adamantanepolyol having hydroxy! groups introduced into plural bridgehead positions may be pre- 
pared by any of the following technologies: (1) a process of contacting the adamantane component selected from ada- 
mantane or its derivative with oxygen in the presence of the oxidation catalytic system (A) or (B). or (2) a process of 

20 contacting the adamantane component containing at least one component selected from an adamantanemonool and 
an adamantanecfiol in the presence of the oxidation catalytic system (A) or (B) to give an adamantar^epolyol which has 
been further hydroxylated. When the adamantanepolyol is prepared accordirtg to the process (2). the adamantane 
component may only be subjected to the reaction in the coexistence of at least an alcohol of adamantane. The ratio of 
the adamantanemonool or adamantanediol is not strictly limited, and is about 5 mole % or nxare (e.g., about 10 to 100 

25 nfX)le %), preferably about 20 to 100 mole % and nrx>re preferably about 30 to 100 mole %, based on the total amount 
of the adamantane component. 

According to these processes, depending on the kinds of the catalytic system, an effective inhibitation of the forma- 
tion of a ketone that becomes significant disturt>ance to isolation and purifkation of the adamantanepolyol can be real- 
ized, and provkles an adamantanepolyol in a remarkably improved yiekl. By way of example, when the adanantane 

30 conponent is oxidized by enploying a divalent transition metal compound (ag., a divalent cobalt compound) as at least 
one component of the co-catalyst, a polyol such as an adamantanediol can be obtained with Ngh selectivity and an 
enhanced yield even in mild or moderate conditions. In such preparation, a ketone is scarcely by-produced. 

Further, the use of a conpound, as a component of the co-catalyst containing an element selected from Group 4 
elements. Group 5 elements. Group 6 elements. Group 7 elements. Group 8 elements and Group 9 elements of the 

35 Periodic Table of Elements insures production of a polyol such as an adamantanediol, in particular an adamantanetrk)! 
or adamantanetetraol from the adanmntane component with improved selectivity and an excellent yield even in mild or 
nnoderate conditions. Practically, the co-catalyst may conprise a plurality of conpouds containing an element selected 
from Group 5 elements, Group 6 elements. Group 7 elements, Group 8 elements and Group 9 elements of the Periodk; 
Table of Elements. Among th^fi, the use of a conpound containing at least the Group 5A element (e.g.. V) as one com- 

40 ponent of the coK^atalyst provides an adamantanetetraol from the adamanatane conponent with high seletivity and 
yieM, directly. 

(d) Aromatic compound having a methyl group or methylene group in an adjacent position of an aromatic ring 

45 The aromatic compound may only be an aromatic compound having at least one methyl group or methylene group 
being substituted on the aromatic ring. The aromatic ring may be whichever of an aromatic hydrocartx)n ring or an aro- 
matic heterocyclic ring. When the aron^tk: conpound is a ring-assembled conpound in which aromatic rings bond 
each other, such as biphenyl. terphenyl, binaphthalene or bipyrkiine, at least one aromatic ring may be substituted with 
a methyl group or methylene group. The methyl groip or methylene group in the aromatic heterocydic ring nray be 

50 bonded to the heterocyclic ring or to an hydrocartx>n ring. A preferred compound includes a conpound having a methyl 
group or methylene group at the benzyl position. 

As examples of the aromatic hydrocart)on ring, there may be mentraned a b^ene ring, condensed cydic hydro- 
cartx)n rings (e.g., naphthalene, anthracene, phenanthrene, triphenylene, pyrene, chrysene. naphthacene, benzanthra- 
cene. and other condensed rings having an ortho-condensation or ortho and peri-condensation form of 2 to 8 b&yzene 

55 rings). 

Examples of the aromatk: heterocydk; ring indude a heterocyclic ring having an oxygen atom as a hetero-atom 
(e.g.. furan. oxazole. isooxazole and other 5-membered rings, pyran and other S-membered rings, benzofuran. isoben- 
zofuran, da^enzofuran, xanthone, xanthene, chroman. isochroman, chromene and other condensed rings), a heterocy- 
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die ring containing a sulfur atom as a hetero-atom (e.g.. thiophene. thiazole, isothiazole. thiadiazole. benzothiophene), 
a heterocyclic ring containing a nitrogen atom as a hetero-atom (e.g.. pyrrole, pyrazole, imidazole, triazole and other 5- 
membered rings, pyridine, pyridazine. pyrimidine, pyrazine and other 6-membered rings, indole, indolene, isotndole. 
indazole. indoline, isoindoline, quinotine. isoquinollne, quinolinequinoline, quinoxaline. quinazoline, phthalazine. purine. 
cart)azole. acridine. naphthoquinoline, phenanthrodine. phenanthroline. naphthyridine. benzoquinoiine. phenoxazine, 
phthalocyanine, anthracyanine and other condensed rings), and the like. 

The aromatic compounds which are useful for commercial appltcations may practically have an aromatic hydrocar- 
bon ring, a 5- or 6-menrt»red heterocyclic ring or a condensed heterocyclic ring. Among them, a compound having an 
aromatic hydrocarbon ring containing 6 to 14 carbon atoms, in particular an aromatic hydrocartx)n ring with 6 to 10 car- 
bon atoms (specifically, a benzene ring or a naphthalene ring) are desirable. 

The process of the invention insures efficient oxidation of the methyl group or methylene group of the aromatic com- 
pound. Therefore, the number of a substituted methyl group(s) or methylene group(s) is not particularly restricted, and 
is selected from a broad range (e.g.. about 1 to 10, and preferably about 1 to 8) depending on the spedes or size of the 
aromatic ring. 

(d1) Aromatic compound substituted with a methyl group 

The aromatic compound having a methyl gtouf> indudes, for instance, an aromatic hydrocariDon substituted with 
about one to six methyl groups [e.g., toluene, o-. nv, or p-xylene, 1 ,2,3-trimethylbenzene, 1 ,2,4-trimethylt)enzene, 1 ,3,5- 
trimethylbenzene (mesitylene), 1 ,2.3,4-tetramethylbenzene. 1,2,3,5-tetramethylbenzene, 1,2.4.5-tetramethylbenzene 
(durene), l,2,3,4,5,6-hexamethylben2ene, 1 -methylnaphthalene, 2-methylnaphthalene, 1.5-dimethy1naphthalene, 2,5- 
dimethylnaphthalene, methylanthracene, dimethylanthracene. trimethylanthracene, 4,4'-dimettiylbiphenyl], a heterocy- 
dic compound substituted with about one to six methyl groups [e.g.. 2-methylfuran, 3-m6thylfuran. 2-m6thylpyran, 3- 
methylpyran. 4-methylpyran, 3,4-dimethylpyran. 4-methylchromene, 6-methylchromaa 2-methylpyridine. 3-methy1pyri- 
dine, 4-nf)ethylpyridine, and other picolines. 2.3-dimethylpyrldln6. 2,4-dimethy^dine. 2.5-dlmethylpyridine. 3,5- 
dimethylpyridine and other lutidines. 2,3.4-trimethylpyridine, 2.3.5-trimethylpyridine. 2,3,6-trinrTethyIpyridine. 2,4,6-tri- 
methylpyridlne, and other collidines. 4-methy1indole. 5-methylindde. 7-m^hylindde. methylquinoline], and so on. 

A preferred aromatic compound may practically have 1 to 4 methyl groups (e.g.. one or two methyl groups) substi- 
tuted in the molecule. Among such compounds. C^^o aromatic hydrocarbons and heterocydic conrpounds containing 
a 5- or 6-membered heterocycle each having about one to four methyl groups are practically useful for commerdal pro- 
duction of carboxylic acids. In particular, benzene derivatives each having a methyl group are advarrtageously 
employed. 

(d2) (Compound having a methylene group in an adjacent position to the aromatic ring 

The compound having a methylene group in an adjacent position to the aromatic ring indudes an aromatic com- 
pound having an alkyi group or a substituted alkyi group containing two a more caritxxi atoms, and an aronratic com- 
pound having a cyclic methylene group. 

As the aronnatic compounds each having an alkyi group or a substituted aikyi group, there may be mentioned an 
aromatic hydrocari3on having an alkyi group [e.g., ethylbenzene, propylbenzene. cumene. butylbenzene. isobutylben- 
zene. 1 ,4<fiethylbenzene, 1-ethyl-4-pentylbenzene and other aronr^atic hydrocart>ons having a C2.6 alkyi group, diben- 
zyl. diphenytmethane. triphenylmethane. 1-benzylnaphthaiene. and other aromatic hydrocartxvis having a substituted 
alkyi group], and a heterocydic compound having an alkyi group (e.g., ethylpyridine. isopropylpyridine. txjtylpyridine). 
typically speaking. 

Exanples of the aromatic compound having a cyclic methylene group indude a condensed polycydic aromatic 
hydrocartDon having a condensed 5- to 8-membered ring [ag. dihydronaphthalene. indene, indane, tetralin. fluorene. 
phenalene, a-tetralone, Metralone, indanone] and the like. 

The aromatic compound (d) may have a methylene group togettier with a methyl group in an adjacent position to 
the aromatic ring, as well. As examples of such a compound, there may be mentioned alkyt-substituted hydrocarbons 
having at least one methyl group and at least one Cg.io alkyi group [e.g.. l-methyl-2-ethylbenzene. l-mrthyi-3-ethyl- 
benzene, 1-metiiyl-4-ethylbenzene. 1-methyl-3-isopropyIbenzene, 1-metiiyl-4-isopropylbenzene (cymene). 1-mettiyl-4- 
propylbenzene. 1-methy1-4-butylbenzene. l-methyl-4-t-butylbenzene, 1.2-dimethyl-3-ethylbenzene, 1 .2-dimettiyl-4- 
ethylbenzene. 1 ,3^imethyt-5-ethylbenzene. 1,3-dimethyl-4-ethylbenzene. 1,3-dl-methyl-2-ethylbenzene. 1.4KJimethyl- 
2-ethylbenzene, 1-methyl-2-ethylnaphthalene. and other alkyl-substituted hydrocarbons having a methyl ^oip and a 
C2-6 alkyi group], alkyl-substituted heterocyclic compounds (e.g., 2-elhyl-4-methy1pyrkfine. 3-ethyl-4-methylpyrtdine. 4- 
ethyl-2-methy!pyridine], hydrocarbons having at least one methyl group and a cydte methylene group (e.g.. 3-metiTylin- 
dene), and so on. 

These aromatic compounds may teve otiier substituents besides tiie methyl group or methylene group, as well. 
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Such aromatic compounds indude carboxyl group-substHuted hydrocartx)ns [e.g.. 4-methyibenzoic add, 1,2-dimethyl- 
ben2ene-4-carboxy1ic acid], halogen-containing hydrocarbons (e.g., 4-chloro-l-methylbenzene, 3,4,5,6-tetrachloro-l ,2- 
dimethylbenzene, 3.4,5.6-teftrabromo-l,2-dirTiethytbenzene]. hydroxyl group-containing hydrocart>ons (e.g., crescis 
such as m- or p-aesd. 2,3-xylenol. thymol), aromatic hydrocarbons having a protected hydroxyl groip [e.g., alkoxy 
group-containing hydrocartwns (e.g., 2-methoxy-l-nnethylbenzene. 3-methoxy-1-methylbenzene, 4-methoxy-l -methyl- 
benzene. 4-ethoxy-1-methylbenzene, 4-isopropoxy-1-niethylbenzene), acyloxy group-substituted hydrocarbons {e.g.. 
2-acetyloxy-1-methylbenzene, 3-acetyloxy-1-methylbenzene. 4-acetylo)cy-1-methyIbenzene, 4-propionyloxy-1 -methyl- 
benzene, 4-butyryIoxy-1 -methylbenzene)]. amino group-containing hydrocarbons each of which may have a substituent 
[e.g., 4-amino-1 -methylbenzene, 4-dimethylami no- 1 -methylbenzene], and other aromatic hydrocarbons, halogen-con- 
taining pyridine derivatives (e.g., 2-diloro-4-methylpyridine). and other heterocyclic compounds. 

Oxidation of such an aromatic compound on contact with oxygen in the presence of the oxidation catalytic system 
(A) or (B) insures oxidation of the methyl group or the adjacent methylene group to the aromatic ring with greatly high 
effidency Thus, an aldehyde, in particular, a cartxwyl group-containing aromatic compound can be obtained from the 
aromatic compound having a methyl group, and a ketone can be prepared from the methylene group-containing aro- 
matic compound with high selectively and an excellent yield. In particular, such an oxidation process insures smooth 
progress of the reaction in a short period, and provides a carboxyl group-containing aromatic conpound or a ketone 
with high selectivity in a high yield, even in mild conditions. Further, when an arorr^ic compound having plural methyl 
groups is oxidized, it is easy to form a polycart)oxylic acid having two or nnore cartxsocyl groups. Therefore, the process 
of the invention is useful for the production of a carboxyt group-containing aromatic corrpound or a ketone by contacting 
an aromatic compound having at least one methyl group or methylene group with oxygen. A preferred errtxxiiment of 
the process of the invention includes a process of contacting a benzene derivative having a methyl group (e g., tduene. 
xylene) with oxygen to produce a benzene derivative having a cart>oxyl group (e g., benzok; add, phthalic acid, isoph- 
thalk; add. terephthalic acid), whk:h is useful for commerdal applications, and a process of contacting a C2.6 
group-substituted aromatic hy*ocart»on (e.g. elhylbenzene) with oxygen to give a cartx)nyl group-containing b^izene 
derivative (e.g., acetophenone). which is also a commerdalty useful compouxj. 

Accadingly. the process of the invention is effective for oxidation of the aromatic compound in mild conditions with 
high transformation rate and selectivity to give a cartx>xyl group-containing aromatic conrtpound such as a monocartx>x- 
ylic acid or polycarbcxylk: acid, or a ketone. In espedal. the process Is extremely useful for the production of an aro- 
matic rTX}nocart)Oxylic acid indusive of benzoic acid, or an aromatic polycartxxxylic add (in particular, an aromatk; 
dicaitxsxylic acid) vk(htch is used as a raw material for the production of pdyester or polyamide. 

The use of the divalent transition metal conpouKl (e.g.. a divalertt cobaH conpound or a divalent nrtanganese con- 
pound) as one component of the co-catalyst insures enhanced selectivity and yield of the polycart>Qxylic acid or ketone, 
even in such mild conditions as a low temperature (e.g.. about 1 0 to eC'C). in particular room temperature (about 1 5 to 
30*C). In particular, a combination of a conpound containing Group 7 elements (e.g., Mn) of the Periodic Table of Ele- 
ments and a conpound containing Group 9 elements (e.g.. Co) of the Periodic Table of Elements is advantageous. A 
combination of a further compound containing Group 1 1 elements (e.g.. Cu) of the Perkxlic Table of Elements can 
enhance the selectivity and stabilize the catalytic system. 

(6) Conjugate compourtd 

The conjugate corrpound indudes. for instance, a conjugate diene, an a,p-unsaturated nitrile or a a,p-unsaturated 
cart)oxylic add or its derivative. It should be understood that the term "conjugate conpound" means and includes not 
only conpounds which have a double bond and a single bond alternately (e.g., butadiene), but also conpounds whk:h 
have unsaturated bonds (a double bond and/or a triple bond) alternately with or without putting a single bond between 
them (e.g.. conjugated polyene). Therefore, a unsaturtated <M is as far as a corrpound con-esponding to the "conju- 
gated diene". not only a unsaturated diol having sole double bonds but also a unsaturated diol having plural double 
bonds or triple bonds are given a general name "alkene diol". Furthermore, "acrylte add. mela acrylic acid or derivatives 
thereof sometimes give a general name to "(meta)acrylic acid or its derivative". 

As the conjugate dienes. there may be exenplif ted compounds each having a conjugate double bond such as buta- 
diene (1 .3-butadiene) and isoprene (2-methyl-1 .3-butadiene), compounds having a double bond and a triple bond (e.g.. 
vinylacetylene. divinylacetylene) and derivatives of these conrpoimds. Examples of the derivatives of the conjugate 
diene indude 2-chlorobutadiene. 2.3Klichlorobutadiene. and other conpounds having a halogen atom (iodine, bromine, 
chtorine. or fluorine atom). 2-ethybutadiene, 2,3-dimethylbutadiene. and other conpounds having an alkyi group (e.g.. 
methyl, ethyl, propyl, isopropyl. butyl, isobutyl. 6ec4xjtyl, t-butyl. and other lower alkyi groups having about one to four 
carbon atoms), butadiene-1 -cartx)xylic add and other conpounds each having a carboxyl group. A prefered conjugate 
diene indudes butadiene and isoprene. 

Oxidation, which is emptoyed the oxidation catalytic system (A) or (B), of the conjugate diene with oxygen provides 
an alkenediol. The substituted positions of hydroxyl groups of the produced alkenedid are not strictly limited as far as 
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it being a diol corresponding to the conjugate diene. By way of example, a butenediol formed by oxidation of butadiene 
rr\a/ be any of the 2-butene- 1 .4<liol or 1 -butene-3.4<liol. and it may be either a cIs-form or trans-form. 
The a.p-unsaturated nitrite includes (meth)acrylonitrile, typically speaking. 

Examples of the a.p-unsaturated carboxylic acid or its derivative include (meth)acrylic acid; methyl (meth)acrylate, 
5 ethyl (meth)acrylate. isopropyl (meth)acrylate. n-butyl (meth)acrylate, isobutyl (meth)acrylate, hexyl (meth)acrylate, 2- 
etl^lhexyl (meth)acrylate, lauryl (meth)aayiate, and other alkyi (meth)acrylates; 2-hydroxyethyl (meth)acrylate, 2- 
hydroxypropyi (meth)acrylate, and other hydroxyalkyl (meth)acrylates; glyddyl (meth)acrylate; dimethylaminoethyl 
(meth)acrylate. dethylamlnoethyl (meth)acrylate; (meth)acrylamide, N-methyl(meth)acrylamide. N-methylol(meth)acr- 
ylamide, and other {meth)acrylamide derivatives, and the like. 
10 Oxidation of the a, ^unsaturated nitrite, a.p-unsaturated cartxsxylic add or its derivative on contact with oxygen in 
the presence of the oxidation catalytic system (A) or (B) insures selective oxidation of the a.p-unsaturated bond to give 
a diol, an aldehyde or derivatives thereof. The use of a protonic solvent (e.g.. acetic acid, propionic acid or other organic 
adds, methanol, ethanol. n-propanol, isopropand, n-butand. t-butanol. or other alcohols) as a reaction solvent may 
sometimes provide a diol derivative inclusive of an acetal or acytoxy compound. The akiehyde or its derivative, or a diol 
IS derivative inclusive of an acetal is an equivalent conopound to the dkN. For instance, oxklation of acrylonitrile with the 
use of an alcohd (e g., methanol) as the reactk>n solvent sometimes provides a 1.1-dialkoxypropionitrile (e.g.. 1,1- 
dimethoxypropk)nitrile). Further, a methyl 1.1-dialkoxypropionate (e.g.. methyl 1,1-dimethoxypropjonate) occask)nalty 
fams when methyl acrylate is oxkiized in an alcohol (e.g., methanoO solvent. 

20 (f) Other substrates 

As the other substrates, there may be exemplified with a heterocydk: conrpound having a methylene group (f 1), a 
chain hydrocart^on having a methine cartx)n atom (a methyikiyne group) (f2). a compound having a methylene group in 
an adjacent position to an unsaturated bond (f3). and a compound having a methylene group in an adjacent position to 
25 a carbonyl group (f4). 

(f1) Heterocyclic compound having a methylene group 

The heterocyclic compound having a methylene group includes a 5- or 6-membered cyclk; compound having a het- 
30 ero-atom selected from a nitrogen atom, an oxygen atom or a sulfur atom, or a condensed heterocyclic compound in 
which a 5- or 6-membered ring having a hetw-atom is condensed to an aromatic ring. An example of such conpound 
includes dihydrofuran, tetrahydrofuran, pyran. dihydropyran. tetrahydropyran. piperidine, piperazine, pyrrolidine, xan- 
thene. and the like. Oxidatk>n of these sut)strates in the presence of the catalytk: system (A) or (B) insures an effident 
introduction of an oxo group or a hydroxyl group into a methylene group. 

35 

(f2) Chain hydrocartwn having a methine cartxKi atom (a methyikiyne group) 

As examples of the chain hydrocartxxi having a methine caston atom, there may be mentkxied chain hydrocarbons 
each having a tertiary carbon atom, such as isobutane. isopentane. isohexane. 3-methylpentane. 2,3-dimethylbutane, 

40 2-methylhexane. 3-methylhexane. 2.3-dimethylpentane, 2.4-dimethylpentane. 2,3,4-trimethytpentane, 3-ethytpentane, 
2.3-dimethylhexane. 2,4-dimethylhexane. 3,4-dimethylhexane. 2.5-dimethylhexane, 2-propylhexane. 2-methylheptane, 
4-methylheptane, 2-ethylheptane. 3-ethylheplane, 2.6-dimethylheptane, 2-methytoctane. 3-methyk)ctane. 2.7-dimethy- 
loctane, 2-methylnonane. and other aliphatic hydrocartx>ns each having about 4 to 1 0 cartx>n atoms. Oxklation of these 
substrates with oxygen in the presence of the catalytic system (A) or (B) provkles a connpound substituted hydroxyl 

45 group on a methyne carbon atom effksently. 

(f3] Compound having a nr^thylene group in an adjacent position to an unsaturated bond 

The compound (f3) includes, for instance, chain unsaturated hydrocarbons each having about 3 to 1 2 cartx>n atoms 
50 as well as having a double bond and/or a triple bond, such as propylene. 1 -butene, 2-butene. butadiene. 1 -pentene. 2- 
pentene. isoprene, 1-hexene, 2-hexene. 1 ,5-hexadiene, 2,3-dimethyl-2-butene, 3-hexene. 1-heptene, 2-heptene. 1.6- 
heptadiene, lK>ctene. 2-octene, 3-octene, 1,7-octadiene. 2,6-octadiene, 2-methyl-2-butene. 1-nonene, 2-nonene, 
decene (decaene), decadiene, dodecene. dodecadiene. dodecatriene, undecene. undecadiene. undecatriene, and so 
forth. Oxidation of these substrates using the oxidation catalytk; system (A) or (B) provkles corresponding oxides (e-g.. 
55 ketones, alcohols, aUehydes and cartxxxylk; acids] with high yields. 
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(f4) Compound having a methylene group in an adjacent position to a cartx)nyl group 

Examples of the compound having an (active) methylene group in an adjacent position to a carbonyt group Include 
aldehydes, ketones, cartx)xyllc acids or their derivatives. 

5 The aldehyde includes, for instance, aliphatic aldehydes (e g., acetaldehyde, propionakJehyde, butyraldehyde, iso- 
butyraldehyde. pentylaldehyde. hexylaldehyde. heptylaldehyde, octylaldehyde. nonylaldehyde. decylaldehy^e, and 
other C2.12 alkytmonoaldehydes. matonaldehyde, sucdnaldehyde, adipinaldehyde. sebacaldehyde. and other aliphatic 
polyakJehydes), aromatic aldehydes (e.g.. benzaldehyde. anisaldehyde), alicydic aldehydes (e.g.. formylcyctohexane, 
cydoneral). and heterocyclic aldehydes (e.g.. ntcotinaldehyde. furfural). 

10 As examples of the ketone, there may be mentioned aliphatic ketones (e.g., acetone, methyl ethyl ketone, methyl 
isopropyl ketone, methyl Isobutyi ketone, methyl t-butyl ketone. 2iDentanone, 3-pentanone, 2-hexanone, 3-hexanone, 
2-heptanone. 3-heptanone. 4-heptanone, 2-octanone. 3-octanone. 4-octanone. 2-nonanone, 2-decanone), aromatk; 
ketones (6.g.. acetophenone. propiophenone) and so on. 

The illustrative carboxylic acid or its derivative includes aliphatic dicarboxylic acids or their derivatives (e.g., maionk; 

15 acid or its ester, succink; ackj or its ester, glutaric acid or its ester). 

Oxkjation of these caitxinyl compounds with oxygen in the presence of the oxidatk>n catalytic system (A) or (B) pro- 
vides con-esponding oxkJes (e.g.. ketones, alcohols, aldehydes and cart^oxylic ackjs) efficiently. 

[OxKlation reaction] 

20 

The oxygen used in oxkdatbn of the substrate may be active oxygen, but molecular oxygen is practically employed 
for economk:al advantages. Such molecular oxygen is not specifically limited, and use may be made of whichever of 
pure oxygen, or oxygen diluted with an inert gas such as nitrogen, helium, argon or carbon dioxkJe gas. Air is preferably 
emptoyed from the viewpoints of handling property and safety, and economical property. 

25 An amount of oxygen can be selected from a range according to the species of the substrate, and usually is, 0.5 
mole or n\ore (e.g., 1 mole oc more), preferably about 1 to 100 moles, and more preferably about 2 to 50 moles relative 
to 1 mole of the substrate. The oxygen is practically used in an excess mole relative to the substrate. In specific, the 
reaction is advantageously carried out in an atmosphere containing molecular oxygen such as air or oxygen gas. 
Oxidation process of the invention is generally conducted in an inert aganic solvent. As the organic solvents, both 

30 a protic solvent and a non-protic solvent can be enployed. As the protk: solvent there may be mentioned, for exaople. 
formic add. acetic accl, propionic add and other organic cartx>xylic acids . t-butanol. t-amyl alcohol arKl other alcohols. 
Both polar and non-polar solvents can be employed as non-protic solvents. As the non-protic solvent, there may be 
mentioned, for example, a non-protonic nonpolar solvent (e.g., an aliphatic hydrocartxxi such as hexane and octane, 
an aromatic hydrocartx>n such as benzene, a halogenated hydrocartxxi such as chloroform, dichloromethane, dichlo- 

35 roethane, tetrachlorocartx>n and chloroberuene). a non-protonic polar solvent (e.g., nitrobenzene, rvtromethane, nitro- 
ethane and other nitro compounds, ethyl acetate, butyl acetate and other esters, dimethylether. diethylether. 
diisopropylether. dksxane and other ethers, acetonitrile, propionrtrile, benzonitrile and other nitriles, formamide, aceta- 
mide, dimethylformamide (DMF), dimethylacetamide and other amides). These solvents can be enployed independ- 
ently or as a mixture of 2 or nme. Incidentally, the substrate may be empksyed as the reaction solvent, if used in an 

40 excess amount. Use may practkally be made of, as the solvent, acetk: ackJ or other organic adds, acetonitrile. benzoni- 
trile or other nitrites. 

The reaction in the presence of a protonic add results in smooth oxkJation, and it provides an object compound with 
high selectivity in a high yield. The protonic add may also be used as the solvent as described above. As the protonk; 
acid, there may be exemplified organk: acids (e.g.. fbrnrHc acki. acetic add, propionic add and other organic cartoxylic 

45 ackis. oxalk; ackj, succinic add. tartaric ackJ and other hydroxycarboxylic adds, methanesulfonic add, ethanesulfonk; 
acKl and other alkylsuHbnic adds, benzenesulfonic acki, p-toluenesulfonic ackl and other arylsulfontc adds), and inor- 
ganic ackJs (e.g., hydrochloric add. sulfuric add. nitric add. phosphoric add). 

In the presence of the non-protk; solvent (in particular, in the coexicisting of the oxkiation catalytic system (B)). oxi- 
dation of a non aromatic cydic compound, such as cydoalkane, inhibits the formation of a dcait>oxylic acki and pro- 

so vdes a ketone or an alcohol with high selectivity. 

The process of the invention is characterized in that the oxkdation reaction smoothly proceeds even in compara- 
tively miU or nx)derate conditions. A reaction temperature can be voluntarily selected according to the spedes of the 
substrate and the catalytic system. The temperature is. for instance, about 0 to 300*C, preferably about 30 to 250'»C, 
more preferably about 50 to 200*'C, and practically about 70 to 150*C. As described above, d^ending on the species 

55 of the oxkJation catalytic system, the oxklation reaction can smootiily proceed even at a comparatively low temperature 
such as room temperature. 

The reactk)n may be carried out at ambient pressure (atmospheric pressure) or under a pressure (under a load). 
When the reaction is conducted under a pressure, the pressure is, usually, about 1 to 100 atm (e.g., abo\A 1.5 to 80 
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atm). preferably about 2 to 70 atm. arxl more preferably about 5 to 50 atm. A reaction time can be liberally chosen within 
a range of about 30 minutes to 48 hours, preferably atjout 1 to 36 hours, and more preferably about 2 to 24 hours, 
depencfing on the reaction temperature and pressure. 

The reaction may be effected in a conventonal manner such as in a batch system, semi-batch system or continu- 

5 ous system, in the presence of molecular oxygen or under flow of molecular oxygen. After completion of the reaction, 
a reaction product can easily be isolated and purified according to a conventional technology, such as filtration, conden- 
sation, distillation, extraction, crystallization, recrystallisation, column chromatography, or other isolation means, or a 
combination of these technologies. 

The present invention does not specifically require treatment of an exhaust gas, enhances the catalytic activities in 

10 the oxidation with oxygen or the oxidation with air, and insures efficient oxidation of the substrate because that the oxi- 
dation catalytic system is constituted an imide compound and a co-catalyst comprising specific plural elements or com- 
pounds. Further, high activities can be maintained with inhibiting the deactivation of imide compounds. Therefore, the 
substrates are oxidized with oxygen or with air to give corresponding ketones, alcohols, aldehydes, or carboxylic acids 
to the substrates with a high conversion and selectivity. 

IS The following examples are intended to descra^e the present invention in more detail, but should by no means be 
construed to limit the scope of the invention. 

EXAMPLES 

20 Example 1 

To 25 ml of acetic acid were added 1 0 mnx}l of cyclohexane. 1 mmol of N-hydroxyphthalimide and a trinary co-cat- 
alyst [0.01 mmol of acetylacetonatomanganese Mn(AA)2, 0.1 mmol of acetylacetonatoiron Fe(AA)3 and 0.01 mmol of 
acetylacetonatocobalt Co(AA)2]and the resuhant mixture was stin'ed under an oxygen atmosphere at a temperature of 
25 100*>C for 6 hours. The products in the reaction mixture were analyzed by gas chromatography, and. as a result, 
cyclohexane was converted into adipic add with a conversion of 89% (yield 70%). 

Example 2 

30 The reaction was corxlucted in the same nrianner as Example 1 except using a trinary co-catalyst [0.01 mnrusl of 
acetylacetonatomanganese Mn(AA)2, 0.04 mnrx)l of acetylacetonatoiron Fe(AA)3 and 0.01 mmol of acetylacetonatoco- 
balt Co(AA)2] instead of the trinary co-catalyst of Example 1, and cyclohexane was converted into adipic add (yield 
56%) and cydohexanone (yield 6%) with a conversion of 77%. 

35 Exanrple 3 

The reaction was conducted in the same rmnner as Example 1 except using a trinary co-catalyst [0.002 mmol of 
acetylacetonatomanganese Mn(AA)2. 0.02 mmol of acetylacetonatoiron Fe(AA)3 and 0.002 mmol of acetylacetonato- 
cobalt Co(AA)2] instead of the trinary co-catalyst of Example 1 , and cyclohexane was converted into adipic add (yield 
40 34%) and cydohexanone (yield 7%) with a conv^sion of 50% 

Example 4 

The reaction was conducted in the same manner as Example 1 except using a trinary co-cataiyst (0.01 mmol of 
46 acetylacetonatomanganese Mn(AA)2. 0.1 mnrrol of ruthenium chloride RUCI3 and 0.01 mmol of acetylacetonatocobalt 
Co(AA)^ instead of the trinary co<atalyst of Example 1 , and cydohexane was converted into adipic acid (yield 76%) 
and cydohexanone (yield 2%) with a conversion of 90%. 

Exannple 5 

50 

The reaction was conducted in the same nr^nner as Example 1 except using a trinary co-catalyst [0.01 mmol of 
acetylacetonatomanganese Mn(AA)2. 0.1 mmol of cupric chloride CuCl2 and 0.01 mmol of acetylacetonatocobalt 
Co(AA)2] instead of the trinary co<atalyst of Example 1 , and cydohexane was converted into adipic acid (yield 52%) 
and cydohexanone (yield 4%) with a conversion of 62%. 

55 

Example 6 

To 25 ml of acetic add were added 1 0 mmol of adamantane, 1 mmol of N-hydroxyphthalimide and a binary co-cat- 
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alyst [0.1 mmol of acetylacetonatocobaft Co(AA)3 and 0.4 mmol of acetylacelonatoiron Fe(AA)3]and the resultant mix- 
ture was stirred under an oxygen atmosphere at a temperature of 75°C for 6 hours. The products in the reaction mixture 
were analyzed by gas chromatography, and, as a result, adamantane was converted into 1-adamantanol (yield 39%) , 
1 ,3-adamantanediol (yield 49%) and adamantanone (yield 6%) with a conversion of 99%. 

5 

Example 7 

The reaction was conducted in the same manner as Example 6 except using a binary co-catalyst [0.1 mmol of 
acetylacetonatocobalt Co(AA]3 and 0.4 mmol of cupric acetate Cu(0Ac)2] instead of the binary co-catalyst of Example 
10 6, and adamantane was converted into l-adamantanol (yield 67%), 1 .S-adan^tanediol (yield 18%) and adaman- 
tanone (yield 6%) with a conversion of 93%. 

Example 8 

15 The reaction was conducted in the same manner as Example 6 except using a binary co-catalyst [0.03 mmol of 
acetytacetonatovanadium V(AA)3 and 0.02 mmol of cupric bromide CuBr] instead of the binary co-catalyst of Example 
6. and adamantane was converted into 1-adamantanol (yield 74%) and adamantanone (yield 6%) with a conversion of 
82%. The selectivity of such oxides (the alcohol and the ketone) was 98%. 

20 Example 9 

The reaction was conducted in the same manner as Example 6 except using a binary co-catalyst [0.03 mmol of 
acetylacetonatovanadium V(AA)3 and 0.02 mmol of acetylacetonatocopper Cu(AA)2] instead of the binary co-catalyst 
of Example 6. and adamantane was converted into 1-adamantanol (yield 84%) and adamantanone (yield 7%) with a 
S5 conversion of 93%. The selectivity of such oxides (the aicohd and the Ketone) was 98%. 

Example 10 

To 25 ml of acetic add were added 10 mmol of adamantane. 1 mmol of N-hydroxyphthalimide and a binary co-cat- 
30 atyst [0.03 mmol of acetylacetonatovanadium V(AA)3 and 0.02 mmol of acetylacetonatomanganese Mn(AA)3] and the 
resultant mixture was stin^ed under an oxygen atmosphere at a temperature of 75^0 for 6 hours. The products in the 
reaction mixture were analyzed by gas chromatography, and, as a result, adamantane was converted into 1-adaman- 
tanol (yield 37%) , 1 .3-adamantanediol (yield 35%), 1,3,5-adamantan6triol (yield 5%) arxj 1,3.5,7-adamantanetetraol 
(yield 4%) with a conversion of 100%. 

35 

Example 11 

To 25 ml of acetic add were added 10 mmol of adamantane. 1 mmol of N-hydroxyphthalimide and a bir^y co-cat- 
alyst [0.03 mmol of acetylacetonatovanadium V(AA)3 and 0.02 mmol of molibdic acid H2M0O4] and the resultant mix- 
40 ture was stirred under an oxygen atmosphere at a temperature of 75°C for 6 hours. The products in tiie reaction mixture 
were analyzed by gas chromatography, and. as a result, adamantane was converted into 1-adamantanol (yield 18%) . 
1 ,3-adamantanediol (yield 36%), 1.3,5-adamantanetriol (yield 7%) and l,3.5,7-adamantanet6traol (yield 7%) with a 
conversion of 97%. 

45 Example 12 

To 25 ml of acetic add were added 10 mmol of adamantane, 1 mmol of N-hydroxyphthalimide and a binary co-cat- 
alyst [0.03 mmol of acetylacetonatovanadium V(AA)3 and 0.02 mmol of molibdic ackJ H2M0O4] and the resultant ntix- 
ture was stirred under an oxygen atmosphere at a temperature of 75°C for 3 hours. The products in the reaction n^xture 
50 were analyzed by liqiud chromatography, and. as a result, adamantane was converted into 1 -adan^ntanol (yield 53%) 
, 1 .3-adamamanediol (yield 23%). 1 ,3,5-adamantanetriol (yield 1%) and 1,3.5,7-adamantanetetraol (yield 9%) with a 
conversion of 89%. In the reaction mixture, 59% of N-hydroccyphthalimide was remained. 

Example 13 

55 

The reaction was conducted in the same manner as Example 6 except using a binary co-catalyst [0.03 mmol of 
acetytacetonatovanadium V{AA)3 and 0.02 mmol of acetylacetonatonickel Ni(AA)2] instead of the binary co-catalyst of 
Example 6. and adamantane was converted into 1 -adamantanol (yield 74%) and adamantanone (yield 6%) with a con- 
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version of 100%. The selectivity of such oxides (the alcohol and the ketone) was 80%. 
Example 14 

5 To 25 ml of acetic add were added 10 mmol of f luorene, 1 mmol of N-hydroxyphthalimide and a binary co-catalyst 
[0.03 mmol of acetylacetonatovanadium V(AA)3 and 0.02 mmol of acetylacetonatocopper Cu(AA)2]and the resultant 
mixture was stirred under an oxygen atmosphere at a temperature of 90°C for 8 hours. The products in the reaction mix- 
ture were analyzed by gas chromatography, and, as a result, f luorene was converted into fluorenol (yield 5%) and f lu- 
orenone (yield 30%) with a conversion of 36%. The selectivity of such oxides (the alcohol and the ketone) was 97%. 

10 

Example 15 

To 25 ml of acetonitrile were added 10 nrvnol of durene. 1 mmol of N-hydroxyphthalimide and a binary co-catalyst 
[0.04 mmoU of cupric acetate Cu(0Ac)2 and 0.005 mmol of acetylacetonatocobalt Co(AA)2] and the resultant mixture 
IS was stined under an oxygen atmosphere at a temperature of 70*'C for 3 hours. The products in the reaction mixture 
were analyzed by gas chromatography, and, as a result, durene was converted into 2,4,5-trimethylbenzaldehyde (yield 
28%) and 2,4.5-trimethylbenzotc acid (yield 32%) with a conversion of 69%. 

Exarrple 16 

20 

The reaction was conducted in the same manner as Example 15 except using a binary co-catalyst (0.04 mnx)l of 
cupric acetate Cu(0Ac)2 and 0.005 mmol of aoetylacetonatomanganese Mn(AA)2] instead of the binary co-catalyst of 
Example 15, ajnd durene was converted into 2.4.5-trimethylbenzaldehyde (yield 18%) and 2,4,5-trimethylbenzoic acid 
(yield 66%) with a conversion of 92%. 

25 

Example 17 

The reaction was conducted in the same manner as Exarrple 15 except using a binary co-catalyst [0.04 mmol of 
acetylacetonatocobalt Co(AA)2 and 0.005 mnrx)l of acetylacetonatoman^ese Mn(AA)2] instead of the binary co-cat- 
30 alyst of Example 15, and durene was converted into 2,4,5-trimethyibenzaldehyde (yield 20%) and 2,4,5-trimethylben- 
zoic add (yield 58%) with a conversion of 93%. 

Example 18 

35 To 25 ml of acetic add were added 10 mmol of mesrtylene. 1 mmol of N-hydroxyphthalimide and a binary co-cata- 
lyst [0.04 mmol of acetylacetonatocobalt Co(AA)2 and 0.005 mmol of acetylacetonatomanganese Mn(AA)2]and the 
resultant mixture was stirred under an oxygen atmosphere at a temperature of 70''C for 3 hours. The products in the 
reaction mixture were analyzed by gas chromatography, and. as a result, mesitylene was converted into 3,5-dimethyt- 
benzaldehyde (yield 17%) and 3,5-dim6thylbenzoic acid (yield 17%) with a conversion of 60%. 

40 

Exannple 19 

The reaction was conducted in the same manner as Example 18 except that the reaction temperature was changed 
to a temperature of lOO^'C, and, as a result, mesitylene was converted into 3.5-dimethylbenzaldehyde (yield 14%) and 
46 3,5-dimethylbenzoic acid (yield 71%) with a conversion of 91%. 

Exanrple 20 

The reaction was conducted in the same manner as Example 18 except using 0.5 mmol of N-hydroyphthalimide 
50 and a binary co-catalyst [0.04 mmol of acetylacetonatocobalt Co(AA)2 and 0.01 mmol of acetylacetonatomanganese 
Mn(AA)2] instead of 1 mmol of N-hydroxyphthalimtde and the binary co-catalyst of Example 18, and mesitylene was 
converted into 3,5-dimethy(benzaldehyde (yield 22%) and 3,5-dimethylbenzoic acid (yield 37%) with a conversion of 
71%. 

55 Example 21 

To 25 ml of acetonitrile were added 10 mmol of mesitylene. 1 mnx)l of N-hydroxyphthalimide and a binary co-cata- 
lyst [0.04 nwiol of acetylacetonatocopper Cu(AA)2 and 0.005 mmol of acetylacetonatocobalt Co(AA)2] and the resultant 
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mixture was stirred under an oxygen atmosphere at a temperature of 70'C for 3 hours. The products in the reaction mix- 
ture were analyzed by gas chromatography, and, as a result, mesitylene was converted into S.S-dimethylbenzakJehyde 
(yield 19%) and 3.5<linnethylbenzoic acid (yield 52%) with a conversion of 73%. 

5 Example 22 

The reaction was conducted in the same manner as Example 21 except using a binary co-catalyst [0.04 mmo\ of 
cupric acetate Cu(0Ac)2 and 0.005 mmol of acetylacetonatomanganese Mn(AA)2] instead of the binary co-catalyst of 
Example 21, and mesitylene was converted into 3,5-dimethylbenzatdehyde (yield 23%) and 3,5-dimethylbenzoic acid 
10 (yield 34%) with a conversion of 67%. 

Example 23 

The reaction was conducted in the same manner as Example 21 except using a trinary co-catalyst [0.04 mmol of 
15 cupric acetate Cu(0Ac)2t 0.005 mmol of acetylacetontaocobatt Co(AA)2 and 0.01 mmol of acetylacetonatomanganese 
Mn(AA)2] Instead of the binary co-catalyst of Example 21, and mesitylene was converted into 3,5-dimethyIbenzalde- 
hyde (yield 16%) and 3.5-dimethyibenzoic add (yield 62%) with a conversion of 81%. 

Example 24 

20 

The reaction was conducted in the same manner as Example 21 except using a trinary co-catalyst [0.04 mmol of 
cupric acetate Cu(0Ac)2 0.005 mmol of acetylacetontaocobalt Co(AA)2 and 0.005 mmol of acetylacetonatomanganese 
Mn(AA)2] instead of the binary co-catalyst of Exarrple 21, and mesitylene was converted into 3.&dimethyibenzalde- 
hyde (yield 22%) and 3,5<fimethyft>enzoic acid (yield 37%) with a conversion of 67%. 

25 

Example 25 

To 25 ml of acetic acid were added 10 mmol of mesitylene, 1 mmol of N-hydroxyphthallmide and a binary co-cata- 
lyst [0.04 mmol of acetylacetonatocobalt Co(AA)2 and 0.005 mmol of acetylacetonatomanganese Mn(AA)2] and the 
30 resuttarrt mixture was stinted under an oxygen atmosphere at a temperature of 70**C for 3 hours. The products in the 
reaction mixture were analyzed by gas chromatography, and, as a result, mesitylene was converted into 3,5-dimethyl- 
benzafdehyde (yield 14%) and 3,5-dimethylbenzoic acid (yield 71%) with a conversion of 91% 

Example 26 

35 

The reaction was conducted in the same manner as Example 25 except that the reaction time was changed to 6 
hours, and mesitylene was converted into 3,5-dimethylbenzatdehyde (yield 13%) and 3.5-dimethylbenzotc acid (yield 
68%) with a conversion of 91% 

40 Example 27 

To20mlof benzonitrile were added 10 mmol of cyclohexane, 1 mmotof N-hydroxyphthalimide. 0.01 nvnol of cobalt 
acetate Co(OAc)2. and 0.05 mmol of acetylacetonatocobalt Co(AA)2 and the resultant mixture was stirred under an oxy- 
gen atmosphere at a temperature of 75**C for 16 hours. The products in the reaction mixture were analyzed by gas chro- 
46 matography, and. as a result cydohexane was converted into cydohexanone (yield 10%) and cydohexanol (yield 1%) 
with a conversion of 12%. Adpic add was not detected. The selectivity of K/A oil was 93% based on the consumed 
cydohexane. 

Example 28 

50 

The readion was conducted in the same manner as Exanrple 27 except using 10ml of benzonitrile instead of 20ml 
of benzonitrile of Example 27, and cydohexane was converted into cydohexanone (yield 19%), cydohexanol (yield 
0.8%) and adipic add (yield 2%) with a conversion of 24%. The selectivity of K/A dl and adipic acid was 83% and 8%. 
respectively, based on the consumed cydohexane. 

55 

Exanrple 29 

The reaction was conducted in the same manner as Exanrple 27 except using 10ml of benzonitrile and 0.1 mrncA 
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o1 acetylacetonatocobalt Co(AA)3 instead of 20ml of benzonitrile and 0.05 mmol of acetylacetonatocobalt of Example 
27, and cyctohexane was converted into cydohexanone (yi^d 22%), cydohexanol (yield 0.8%) and adipic add (yield 
3%) with a conversion of 33%. The selectivity of K/A oil and adipic acid was 70% and 9%» respectively, based on the 
consumed cyclohexana 

5 

Example 30 

The reaction was conducted in the same manner as Example 27 except using 10 mt of benzonrtrile, 0.05 mmol of 
cobalt acetate Co(OAc)2 and 0.1 mmol of acetylacetonatocobalt Co(AA)3 instead of 20 ml of benzonitrile. 0.01 mmol of 
10 cobalt acetate Co(OAc)2 and O.T)5 mmol of acetylacetonatocobalt of Example 27, and cydohexane was converted into 
cydohexanone (yield 23%), cydohexand (yield 0.7%) and acOpic acid (yield 2.9%) with a conversion of 32%. The selec- 
tivity of K/A oil and adipic acid was 74% and 9%, respectively, based on the consumed cydohexane. 

Exanrple 31 

IS 

The reaction was conducted in the same manner as Example 27 except that stirring was effected at a temperature 
of es^'C and that benzonitrile 10 ml was used instead of benzonitrile 20 ml of Example 27, and cydohexane was con- 
verted into K/A oil in the total yield of 13%. The selectivity of K/A oil was 85% based on the consumed cydohexane. 

20 Example 32 

The reaction was conducted in the same n^ner as Example 27 except that stirring was effected at a tenperature 
of dS^'C and that benzonrtrile 10 ml was used instead of benzonitrile 20 ml of Example 27, and cydohexane was con- 
verted into K/A oil in the total yield of 20%. The selectivity of K/A oil was 54% based on the consumed cydohexane. 

25 

Example 33 

The reaction was conducted In the same manner as Exarrple 27 except using 0.1 mmol of acetylacetonatocobalt 
Co(AA)3 instead of 0.01 mmd of it, and cydohexane was converted Into K/A oil in the total yield of 1 2%. The selectivity 
30 of K/A oil. cydohexane bases, was 90%. 

Example 34 

The reaction was conducted in the same manner as Example 27 except using 5 ml of benzonitrile and 0.1 mmol of 
35 acetylacetonatocobalt Co{AA)^ instead of 20 ml of benzonitrile and 0.01 mmol of acetylacetonatocobalt Co(AA)3. and 
cydohexane was converted into K/A oil in the total yield of 23%. The selectivity of K/A oil was 58% based on the con- 
sumed cydohexane. 

Exarrple 35 

40 

To 10 ml of benzonitrile were added 10 mmol of cydohexane, 0.5 mmol of N-hydroxyphthalimide, 0,01 mmol of 
cobalt acetate Co(OAc)2. and 0.1 mmol of acetylacetonatocobalt Co(AA)2 and the resultant mixture was stin-ed under 
an oxygen atmosphere at a temperature of 75*C for 16 hours. The products in the reaction mixture were analyzed by 
gas chromatography, and, as a result, cydohexane was converted into cydohexanone (yield 16%), cydohexand (yield 
46 0.7%) and adipic acid (yield 3.2%) with a conversion of 24%. The selectivity of K/A oil was 70% based on the consumed 
cydohexane. 

Example 36 

50 JhB reaction was conducted in the same manner as Example 35 except using 5 mt of benzonitrile instead of 1 0 ml 
of it, and cydohexane was converted into cydohexanone (yidd 20%). cydohexanol (yield 0.8%) and adipic acid (yield 
3%) with the conversion of 25%. The selectivity of K/A oil was 84% based on the consumed cydohexane. 

Example 37 

55 

The reaction was conducted In the same manner as Example 35 except using 5 ml of benzonitrile and 0.05 mmol 
of acetylacetonatocobalt Co(AA)3 instead of 10 ml of benzonitrile and 0.1 mmol of acetylacetonatocobalt Co(AA)3. and 
cydohexane was converted into cydohexanone (yield 19%), cydohexanol (yield 0.9%) and adipic add (yield 2.8%) with 
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the conversion of 25%. The selectivity of K/A oil was 80% based on the consumed cyclohexane. 
Example 38 

5 To 1 0 ml of benzonitrile were added 20 mmoi of cyclohexane, 1 mnx)! of N-hydroxyphthalimide, 0.02 mmol of cobalt 
acetate Co(OAc)3. and 0.1 mnrol of acetylacetonatooobalt Co(AA)2 and the resultant mixture was stirred under an oxy- 
gen atmosphere at a temperature of 75°C for 1 6 hours. The products in the reaction mixture were analyzed by gas chro- 
matography, and, as a result, cydohexane was converted into cydohexanone (yield 19%). cydohexanot (yield 0.9%) 
and adipic add (yield 2.5%) with a conversion of 25%. The selectivity of K/A oil was 80% based on the consumed 

10 cydohexane. 

Example 39 

The reaction was conducted in the same manner as Example 38 except using 33 mmd of cydohexane instead of 
IS 20 mmd of it, and cyclohexane was converted into cydohexanone (yield 1 7%), cydohexanol (yield 1%) and adipic acid 
(yield 3.2%) with the conversion of 24%. The selectivity of K/A oil was 75% based on the consumed cydohexane. 

Example 40 

20 The reaction was conducted in the same manner as Example 38 except using 50 mmol of cydohexane instead of 
20 mmd of it, and cyclohexane was converted into cydohexanone (yield 14%), cydohexanol (yield 1%) and adipic add 
(yield 2.7%) with the conversion of 21%. Tlie selectivity of K/A oil was 71% based on the consumed cydohexane. 

Example 41 

25 

To 10 ml of acetonitrile were added 10 mrrx)! of cydohexane. 1 mmd of N-hydroxyphthalimide, 0.01 mmol of cobalt 
acetate Co(OAc)3. and 0.1 mmol of acetylacetonatocobalt Co(AA)2 and the resultant mixture was stirred under an oxy- 
gen atmosphere at a tenrtperature of 75''C for 1 6 hours. The products in the reaction mixture were analyzed by gas chro- 
matography, and, as a result, cydohexane was converted into cydohexanone (yield 24%), cydohexand (yield 0.6%) 
30 and adipic add (yield 3.9%) with a conversion of 34%. The selectivity of K/A oil and adipic acid was 72% and 11%, 
respectively based on the consumed cydohexane. 

Example 42 

35 To 1 0 ml of benzonitrile were added 10 mmol of cyclohexane, 1 awnoH of N-hydroxyphihalimide, 0.01 nvnd of cobalt 
acetate Co(OAc)2, and 0.1 mmol of acetylacetonatochromium Cr(AA)3 and the resultant mixture was stirred under an 
oxygen atmosphere at a temperature of 75^0 for 16 hours. The products in the reaction mixture were analyzed by gas 
chromatography, and, as a result, cyclohexane was converted into cydohexanone (yield 10%), cydohexand (yield 
0.8%) and adipic acid (trace amount) with a conversion of 33%. 

40 

Example 43 

To 10 ml of benzonitrile were added 10 mmd d cydohexane. 1 mmol of N-hydroxyphthalimide, 0.01 mmd of rho- 
dium acetate [Rh(OAc)2l2. and 0.1 nvnd of acetylacetonatocobalt Co(AA)3 and the resultant mixture was stirred under 
45 an oxygen atmosphere at a temperature of 75''C for 16 hours. The products in the reaction mixture were analyzed by 
gas chromatography, and, as a result, cydohexane was converted into cydohexanone (yield 1 1%). cydohexanol (yield 
0.9%) and adipic acid (trace amount) with a conversion of 16%. 

Example 44 

50 

To 10 mid benzonitrile were added 10 mmol of cydohexane. 1 mmol of N-hydroxyphthalimide. 0.1 mmd of vanadyl 
acetylacetonato V0(AA)3. and 0.1 mmol of acetylacetonatocobalt Co(AA)3 and the resultant mixture was stirred under 
an oxygen atnwsphere at a temperature of 75**C for 16 hours. The products in the reaction mixture were analyzed by 
gas chromatography, and, as a result, cydohexane was converted into cydohexanone (yield 21%). cydohexanol (yield 
55 0.6%) and adipic add (yield 4.5%) with a conversion of 35%. The selectivities of K/A dl and adipic acid was 62% and 
13%. respectively, for consumed cyclohexane. 
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Comparative Example 1 


To 20 ml of benzonitrile were added 10 mmol off cyclohexane. 1 mmol of N-hydroxyphthalimide and 0.05 mmol of 
cobalt acetate Co(OAc)2 and the resultant mixture was stirred under an oxygen atmosphere at a temperature of 75^*0 
5 for 16 hours. The products in the reaction mixture were analyzed by gas chroaatography, and, as a result cyclohexane 
was converted into cyclohexanone (yield 5.2%), cyclohexanol (yield 0.6%) with a conversion of 6.3%. Adipic acid was 
not detected. 


10 


IS 


Comparative Example 2 

To 20 ml of benzonitrile were added 10 mmol of cyclohexane, 1 mmol of N-hydroxyphthalinwJe and 0.05 mmol of 
acetytacetonatocobatt Co(AA)3 and the resultant mixture was stin-ed under an oxygen atmosphere at a temperature of 
75°C for 16 hours. The products in the reaction mixture were analyzed by gas chromatography, and, as a result, 
cyclohexane was converted into cyclohexanone (yield 2.4%), cyclchexanol (yield 1%) with a conversion of not more 
than 5%. Adipic acid was not detected. 


Claims 


20 


1 . An oxidation catalytic system which comprises; 

an imide compound shown by the following formula (1) 


25 


30 



(1 ) 


wherein and independently represent a hydrogen atom, a halogen atom, an alkyi group, an aryl 
group a cycloalkyi group, a hydroxyl group, an alkoxy group, a cartwxyl group, an alkDxycartxjnyl group, or an 
acyl group, or R^ and R^ may together form a double bond or an aromatic or non-aromatic ring; X represents 
35 an oxygen atom or a hydroxyl group: and n denotes an integer 1 to 3. and 

a co-catalyst comprising plural transition metal conpunds. with a proviso that when said co-catalyst is a poly- 
acid comprises Group 5 elements or Group 6 elements of the Periodic Table of Elements, said polyadd is an 
tsopolyacid. said catalytic system is other than a catalyst system comprising a combination of a Group 7 ele- 
ment compound and a Group 8 element compound. 

40 

2. An oxidation catalytic system according to Claim 1 . wherein said co-catalyst comprises a single compound contain- 
ing plural elements selected from the group consinting of Group 4 elements. Group 5 elements. Group 6 elements. 
Group 7 elements. Group 8 elements. Group 9 elements, Group 10 elements and Group 1 1 elements of the Peri- 
odic TaUe of Elements, or plural compounds containing the elemaits selected from different Groips. 

45 

3. An oxidation catalytic system according to Claim 1 . wherein said co-catalyst con^ises a single connpound contain- 
ing elements having plural different valencies selected from the same Group or plural compounds containing ele- 
ments having different valancies seleted from the same Group. 


50 4. An oxidation catalytic system according to Gaim 3, wherein said valencies of elements in said compound(s) are 2 
to 4. 


5. An oxidation catalytic system according to Claim 1 . wherein said co-catalyst comprises plural compounds selected 
from the group consisting of an oxide, an organic acid salt an inorganic acid salt, a halide, a complex and an iso- 

55 polyacid. 

6. An oxidation catalytic system according to Claim 1 , wherein said co-catalyst comprises the following combination 
of a element or a conpound; 
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(b) a combination of a Group 4 element of the Periodic Table of the Elements or conrpound thereof and at least 
one element selected from the group consisting of a Group 5 element, a Group 6 element, a Group 7 element, 
a Group 8 element, a Group 9 element, a Group 10 element and a Group 1 1 element of the Periodic Table of 
Elements or a compound thereof 
5 (c) a combination of a Group 5 element of the Periodic Table of the Elements or compound thereof and at least 

one element selected from the group consisting of a Group 6 element, a Group 7 element, a Group 8 element, 
a Group 9 element, a Group 10 element and a Group 1 1 element of the Periodic Table of Elements or a com- 
pound thereof 

(d) a combination of a Group 6 element of the Periodic Table of the Elements or compound thereof and at least 
10 one element selected from the group consisting of a Group 7 element, a Group 8 element, a Group 9 element, 

a Group 1 0 element and a Groip 1 1 element of the Periodic Table of Elements or a compound thereof 

(e) a conrtbination of a Group 7 element of the Periodic Table of the Elements or compound thereof and at least 
one element selected from the group consisting of a Group 9 element, a Group 10 element and a Group 1 1 
element of the Periodic Table of Elements or a confound thereof 

IS (f) a combination of a Group 8 element of the Periodic Table of the Elements or compound thereof and at least 

one element selected from the group consisting of a Group 9 element, a Group 10 element and a Group 1 1 
element of the Periodic Table of Elements or a compound thereof 

(g) a combination of a Group 9 element of the Periodic Table of the Elements or compound thereof and at least 
one element selected from the group consisting of a Group 1 0 element and a Group 1 1 element of the Periodic 

20 Table of Elements or a compound thereof 

(h) a combination of a Group 10 element of the Periodic Table of the Elements or compound thereof and a 
Group 1 1 element of the Periodic Table of Elements or a compound thereof 

(i) a combination of plural Group 9 elements of the Periodic Table of Elemmts having different valencies or 
compounds thereof. 

7. An oxidation catalytic system according to Claim 1 . wherein said co-catalyst contains plural elements selected from 
the group consisting of Tl. Zr, V. Cr. Mo, W, Mn, Fe. Ru, Co, Rh, Ni and Cu. 

8. An oxidation catalytic system according to Claim 1, wherein a ratio of said co-catalyst relative to said imide com- 
30 pound Is in a range of not less than an effective amount to not more than 1 0 mole %. 

9. A process for oxidation which comprises a step of contacting a substrate with oxygen in the presence of an oxida- 
tion catalytic system claimed in Claim 1. 

55 10. A process for oxidation according to claim 9, wherein said substrate is at least one member selected from the group 
consisting of a hydrocartxxi. a heterocyclic compound, an alcohol, an ether, an ester, a ketone, an aldehyde and 
an amine. 

A process for oxidation according to claim 9, wherein said substrate is at least one member selected from the group 
consisting of (a) a cydoalkane. (b) a cydoalkene, (c) a pdycyclic hydrocartx)n heaving a m^hylidyne group as a 
constitutive element of the ring, (d) an aromatic compound having a methyl group or methylene group in an adja- 
cent position of an aronrvatic ring and (e) a conjugate compound. 

A process for producing an oxide, which comprises a step of contacting a substrate with oxygen in the presence of 
an oxidatk^n catalytic system claimed in Claim 1 to produce the corresponding ketones, alcohols, akjehydes or car- 
boxylic ackls. 


50 
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